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P R O J E C T  SUMMARY 

Inasmuch a s  some o f  t h e  d a t a  and e x p e r i m e n t a l  r e s u l t s  a r e  

c u r r e n t l y  i n c o m p l e t e ,  a c o m p r e h e n s i v e  p r o j e c t  summary c a n n o t  

b e  w r i t t e n  a t  p r e s e n t .  I t  w i l l  b e  p r o v i d e d  a s  p a r t  o f  t h e  f i n a l  
v e r s i o n  o f  t h i s  r e p o r t .  

I 

, 
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NOTICE - S B I R  D A T A  - PHASE I 1  

T h i s  S B I R  d a t a  i s  f u r n i s h e d  u n d e r  N A S A  C o n t r a c t  No. NAS3- 
24546. I t  i s  f u r n i s h e d  i n  c o n f i d e n c e  w i t h  t h e  u n d e r s t a n d i n g  

t h a t  i t  w i l l  n o t ,  w i t h o u t  p e r m i s s i o n  o f  t h e  c o n t r a c t o r ,  be used  

f o r  o t h e r  t h a n  Governmen ta l  p u r p o s e s  n o r  d i s c l o s e d  o u t s i d e  t h e  

Government. T h i s  n o t i c e  s h a l l  be a f f i x e d  t o  any r e p r o d u c t i o n  o f  

t h i s  d a t a ,  i n  w h o l e  o r  i n  p a r t .  

T h i s  r e p o r t / p a p e r  c o n t a i n s  i n f o r m a t i o n  w h i c h  f a l l s  u n d e r  t h e  

p u r v i e w  o f  t h e  U.S. M u n i t i o n s  L i s t ,  S e c t i o n  121.01, I n t e r n a t i o n a l  
T r a f f i c  i n  Arms R e g u l a t i o n s .  I t  s h a l l  n o t  be t r a n s f e r r e d  t o  

f o r e i g n  n a t i o n a l s  i n  t h e  U.S., o r  ab road ,  w i t h o u t  a v a l i d a t e d  

e x p o r t  l i c e n s e .  P e n a l t y  f o r  v i o l a t i o n  i s  d e s c r i b e d  i n  I T A R ,  

S e c t i o n  127. 
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PREFACE 

T h i s  p r o g r a m  was p e r f o r m e d  by M a t e r i a l  C o n c e p t s ,  I n c .  f o r  

NASA L e w i s  R e s e a r c h  C e n t e r  u n d e r  C o n t r a c t  No. NAS3-24546 .  N A S A  

P r o j e c t  M a n a g e r  was M r .  C h i - M i n g  L e e .  Dr. D a v i d  M.  Goddard  was 
t h e  M C I  P r i n c i p a l  I n v e s t i g a t o r  f o r  t h e  p r o g r a m ,  w i t h  Mr. W a l t e r  
R .  Whitman s e r v i n g  a s  P r o j e c t  E n g i n e e r .  i 
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1.0 INTRODUCTION 

R o t a r y  e n g i n e s  a r e  a t t r a c t i v e  power s o u r c e s  f o r  g e n e r a l  
a v i a t i o n  a i r c r a f t  because  o f  t h e i r  p o t e n t i a l  f o r  h i g h  e f f i c i e n c y  
and d u r a b i l i t y ,  w h i c h  a r e  a r e s u l t  o f  t h e  l o w  number o f  m o v a b l e  

p a r t s ,  compactness,  and e x t r e m e l y  h i g h  h o r s e p o w e r - t o - w e i g h t  r a t i o  

o f  t h e s e  e n g i n e s .  I n  o r d e r  t o  a d a p t  t h e  r o t a r y  e n g i n e  t o  

a i r c r a f t  use, i t  i s  e s s e n t i a l  t o  r e d u c e  t h e  w e i g h t  o f  such  

components as  t h e  e n g i n e  h o u s i n g s ,  r o t o r s ,  and c r a n k s h a f t .  One 

method  o f  r e d u c i n g  w e i g h t  i s  t o  emp loy  h i g h  p e r f o r m a n c e ,  

l i g h t w e i g h t  m a t e r i a l s .  G r a p h i t e / m a g n e s i u m  (Gr/Mg) c o m p o s i t e s ,  

c o n s i s t i n g  o f  c o n t i n u o u s  g r a p h i t e  f i b e r s  i n  a magnesium a l l o y  
m a t r i x ,  p o s s e s s  e x c e l l e n t  m e c h a n i c a l  p r o p e r t i e s  comb ined  w i t h  a 
v e r y  l o w  d e n s i t y .  I n  a d d i t i o n ,  t h e s e  m a t e r i a l s  m a i n t a i n  b o t h  

t h e i r  i n t e g r i t y  and t h e i r  p r o p e r t i e s  a t  t h e  o p e r a t i n g  

t e m p e r a t u r e s  e n c o u n t e r e d  i n  a r o t a r y  e n g i n e ,  p l u s  t h e y  o f f e r  

e s s e n t i a l l y  m e t a l l i c  t h e r m a l  c o n d u c t i v i t y .  

T h i s  F i n a l  R e p o r t  summar izes t h e  r e s u l t s  o f  a Phase I 1  S B I R  

p rog ram,  s p o n s o r e d  b y  N A S A  L e w i s  Reseach C e n t e r ,  on t h e  d e v e l o p -  

ment  o f  c a s t  Gr/Mg r o t a r y  e n g i n e  components.  I n  Phase I, an 

i n t e r m e d i a t e  h o u s i n g  was s u c c e s s f u l l y  c a s t ;  t h i s  component had 
b e e n  s e l e c t e d  b e c a u s e  i t  r e p r e s e n t e d  a m a j o r ,  b u t  n o t  i m p o s s i b l e ,  

c a s t i n g  c h a l l e n g e .  F o r  Phase 11, t h e  t a r g e t  component was 
changed t o  a r o t o r  h o u s i n g ,  because  i t  was d e t e r m i n e d  t h a t  t h e  

p e r f o r m a n c e  r e q u i r e m e n t s  o f  t h i s  h o u s i n g  w o u l d  b e t t e r  d e m o n s t r a t e  

t h e  a d v a n t a g e o u s  p r o p e r t i e s  o f  Gr/Mg c a s t i n g s .  The u l t i m a t e  g o a l  

o f  t h i s  p r o g r a m  was t h e  f a b r i c a t i o n  o f  a c a s t  Gr/Mg r o t o r  h o u s i n g  
w h i c h  w o u l d  p e r f o r m  u n d e r  t h e  s e r v i c e  c o n d i t i o n s  o f  an o p e r a t i n g  

r o t a r y  e n g i n e .  

-1- 



2.0 TECHNICAL OBJECTIVES 

The t e c h n i c a l  o b j e c t i v e s  o f  t h i s  Phase I 1  e f f o r t  were  as  
f o l l o w s :  

! 

1. F u l l y  c h a r a c t e r i z e  c a s t  Gr/Mg c o m p o s i t e  m a t e r i a l s  w i t h  

r e s p e c t  t o  t h o s e  p h y s i c a l  and m e c h a n i c a l  p r o p e r t i e s  w h i c h  

a r e  p e r t i n e n t  t o  t h e  p e r f o r m a n c e  o f  a r o t a r y  e n g i n e  

h o u s i n g .  

2. Use t h e  m a t e r i a l  p r o p e r t i e s  t o  d e t e r m i n e  op t imum f i b e r  
c o n t e n t s  and o r i e n t a t i o n s  f o r  a c a s t  Gr/Mg r o t o r  h o u s i n g .  

3 .  D e v e l o p  t h e  op t imum t e c h n i q u e s  f o r  p r o d u c i n g  wear -  

r e s i s t a n t  and c h e m i c a l - r e s i s t a n t  s u r f a c e s  on c a s t  Gr/Mg. 

4. D e v e l o p  t h e  t e c h n o l o g y  t o  p r o d u c e  c o m m e r c i a l  q u a l i t y  

complex  Gr/Mg c a s t i n g s .  

5. D e m o n s t r a t e  t h e  f a b r i c a t i o n  o f  a c o m m e r c i a l  q u a l i t y  c a s t  
Gr/Mg r o t o r  h o u s i n g ,  c o n s i s t i n g  o f  m a t e r i a l  w h i c h  has 
been o p t i m i z e d  f o r  p e r f o r m a n c e  r e q u i r e m e n t s .  

. 
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3.0 TECHNICAL APPROACH 

The t e c h n i c a l  a p p r o a c h  i n  t h i s  r e s e a r c h  p r o g r a m  was d e s i g n e d  

t o  a c h i e v e  each  o f  t h e  i n d i v i d u a l  t e c h n i c a l  o b j e c t i v e s  as  

s e p a r a t e  and w e l l - d e f i n e d  Tasks. 

3.1 TASK 1: CHARACTERIZATION OF CAST Gr/Mg 

T h r e e  f i b e r  o r i e n t a t i o n s  w e r e  s t u d i e d :  0' ( u n i d i r e c t i o n a l ) ,  

O o / 9 0 0 ,  and +45'/-45'. F o r  t h e  t w o  o r i e n t a t i o n s  t h a t  i n v o l v e  
c r o s s - p l y i n g ,  b o t h  e q u a l  f i b e r  amoun ts - -20  vo lume p e r c e n t  ( v o l  

% ) - - i n  t h e  t w o  d i r e c t i o n s  and a 30%/10% r a t i o  were s t u d i e d .  A l l  

t e s t s  were c o n d u c t e d  i n  b o t h  t h e  0' and t h e  90' d i r e c t i o n s  e x c e p t  
i n  c a s e s  where t h e  m a t e r i a l  i s  e q u i v a l e n t  i n  t h e s e  t w o  
d i r e c t i o n s .  A t o t a l  o f  s e v e n  d i r e c t i o n a l  m a t e r i a l  p r o p e r t i e s  
were  t h u s  d e t e r m i n e d  f o r  each t y p e  o f  t e s t  d e s c r i b e d  be low.  

T e s t s  were  c o n d u c t e d  on  c a s t  Gr/Mg t o  d e t e r m i n e  t h e  f o l l o w i n g  

p r o p e r t i e s :  t e n s i l e  s t r e n g t h  and modulus,  c o m p r e s s i v e  s t r e n g t h  

and modu lus ,  f l e x u r a l  s t r e n g t h ,  f a t i g u e ,  t h e r m a l  e x p a n s i o n ,  and 

t h e r m a l  c o n d u c t i v i t y .  Room t e m p e r a t u r e  t e n s i l e ,  c o m p r e s s i v e ,  and 

f l e x u r e  ( 4 - p o i n t  b e n d i n g )  t e s t s  were  c o n d u c t e d  a t  M C I .  E l e v a t e d  

t e m p e r a t u r e  (300OC) m e c h a n i c a l  t e s t s  were  p e r f o r m e d  a t  t h e  E n e r g y  
M a t e r i a l s  T e s t i n g  L a b o r a t o r y  (EMTL), B i d d e f o r d ,  ME.  EMTL a l s o  
p e r f o r m e d  t h e  t h e r m a l  e x p a n s i o n  and t h e r m a l  c o n d u c t i v i t y  t e s t s ,  
i n  t h e  r a n g e  o f  room t e m p e r a t u r e  t o  4OO0C (75OOF). The f a t i g u e  
t e s t s  were  c o n d u c t e d  a t  B a t t e l l e  M e m o r i a l  I n s t i t u t e ' s  Columbus 

L a b o r a t o r i e s  (BCL),  Columbus, O H ;  t h e s e  t e s t s  s t u d i e d  t h e  z e r o -  

t e n s i o n - z e r o  b e h a v i o r  o f  t h e  m a t e r i a l  and were  used  t o  d e t e r m i n e  

t h e  s t r e s s  l e v e l  f o r  i n f i n i t e  ( l o 7  c y c l e s )  l i f e .  

a n a l y z e d  a t  M C I  t o  d e t e r m i n e  r e p r o d u c i b i l i t y  and p r e d i c t a b i l i t y  

o f  p r o p e r t i e s .  Where e n c e s s a r y ,  a d d i t i o n a l  v e r i f i c a t i o n  t e s t s  
were  p e r f o r m e d .  

A l l  d a t a  was 
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3.2 TASK 2: MATERIAL D E S I G N  FOR C A S T  Gr/Mg R O T O R  H O U S I N G  

M C I  i n t e r f a c e d  w i t h  m a n u f a c t u r e r s  and r e s e a r c h  o r g a n i z a t i o n s  
k n o w l e d e g a b l e  i n  r o t a r y  e n g i n e  d e s i g n  and p e r f o r m a n c e  
r e q u i r e m e n t s .  The p u r p o s e  o f  t h i s  i n t e r f a c i n g  was t o  e s t a b l i s h  

t h e  a p p r o p r i a t e  c o n s i d e r a t i o n s  f o r  opt imum m a t e r i a l  p e r f o r m a n c e  

i n  a r o t a r y  e n g i n e  r o t o r  h o u s i n g .  The m e c h a n i c a l  p r o p e r t i e s  o f  

i n t e r e s t  had been d e t e r m i n e d  u n d e r  Task 1. 

What was o b t a i n e d  f rom t h e  r o t a r y  e n g i n e  e x p e r t s  was a " w i s h  

l i s t "  o f  m a t e r i a l  p r o p e r t i e s  t h a t  w o u l d  be op t imum f o r  s e r v i c e  

p e r f o r m a n c e  o f  t h e  h o u s i n g .  T h i s  i n f o r m a t i o n ,  t o g e t h e r  w i t h  t h e  
m a t e r i a l  p r o p e r t y  d a t a  g e n e r a t e d  u n d e r  Task 1, was s u p p l i e d  t o  a 
c o m p o s i t e  m a t e r i a l s  a n a l y s i s  and d e s i g n  o r g a n i z a t i o n .  M C I  

u t i l i z e d  t h e  s e r v i c e s  o f  M a t e r i a l  S c i e n c e  C o r p o r a t i o n  (MSC), 
S p r i n g  House, PA, f o r  t h i s  pu rpose ,  

The t h r u s t  o f  t h e  M S C  e f f o r t  was t o  combine  t h e  p e r f o r m a n c e  

r e q u i r e m e n t s  o f  t h e  r o t a r y  e n g i n e  r o t o r  h o u s i n g ,  t h e  p h y s i c a l  and 

m e c h a n i c a l  p r o p e r t i e s  o f  c a s t  Gr/Mg, and c o m p o s i t e s  r e i n f o r c e m e n t  

t h e o r y  t o  d e s i g n  a m a t e r i a l  w i t h  opt imum p e r f o r m a n c e  f o r  t h e  
a p p l i c a t i o n ,  

1 

3 . 3  T A S K  3: D E V E L O P M E N T  OF C O M P A T I B I L I T Y  C O A T I N G S  FOR G r / M g  

T h i s  t a s k  i n v o l v e d  t w o  a r e a s  o f  c o n e r n :  one was t h e  wear 

r e s i s t a n c e  o f  t h e  h o u s i n g  s u r f a c e  i n  c o n t a c t  w i t h  t h e  r o t o r ,  and 

t h e  o t h e r  was t h e  c h e m i c a l  c o m p a t i b i l i t y  o f  t h e  m a t e r i a l  w i t h  t h e  

c o o l a n t s  and l u b r i c a n t s  used  i n  t h e  r o t a r y  e n g i n e .  

, 

The f i r s t  a r e a  i n v o l v e d  t h e  r e v i e w  o f  a wear r e s i s t a n t  

c o a t i n g  on t h e  t r o c h o i d  s u r f a c e  o f  t h e  r o t o r  h o u s i n g ,  The r e v i e w  
w a s  l i m i t e d  i n  scope,  b u t  was d i r e c t e d  t o w a r d  e s t a b l i s h i n g  a 

t r o c h o i d  wear s u r f a c e  c a p a b l e  o f  w i t h s t a n d i n g  t h e  o p e r a t i o n a l  

p a r a m e t e r s  o f  t h e  r o t a r y  e n g i n e .  

. 
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Chemica l  c o m p a t i b i l i t y  o f  Gr/Mg w i t h  c o o l a n t s  and l u b r i c a n t s  

was a n o t h e r  a r e a  o f  c o n c e r n .  The e n g i n e  c o o l a n t  u s e d  i s  e t h y l e n e  

g l y c o l ,  w h i l e  t h e  l u b r i c a n t s  a r e  p a r a f f i n - b a s e  and s y n t h e t i c  

o i l s .  T e s t s  p e r f o r m e d  i n  t h i s  p o r t i o n  o f  t h e  t a s k  i n v o l v e d  

s u b m e r g i n g  c a s t  Gr/Mg, u n c o a t e d  o r  c o a t e d  w i t h  v a r i o u s  p r o t e c t i v e  

m a t e r i a l s ,  i n  t h e s e  l i q u i d s  and a s c e r t a i n i n g  i f  any  a t t a c k  t o o k  
p l a c e ,  

3.4 TASK 4: DEVELOPMENT OF COMMMERCIAL QUALITY Gr/Mg CASTINGS 

The Phase I e f f o r t  i n  t h i s  p r o g r a m  was v e r y  s u c c e s s f u l .  

However, f r o m  a c o m m e r c i a l  s t a n d p o i n t ,  much r e m a i n e d  t o  be  

a c c o m p l i s h e d  i n  d e m o n s t r a t i n g  t h a t  Gr/Mg c a s t i n g s  c a n  be  p r o d u c e d  

w h i c h  e x h i b i t  t h e  same l e v e l  o f  soundness and s u r f a c e  f i n i s h  as  

s t a n d a r d  magnesium a l l o y  c a s t i n g s .  

The s p e c i f i c  a c t i v i t i e s  u n d e r  t h i s  t a s k  c o n s i s t e d  o f  
u t i l i z i n g  f o u n d r y  t e c h n i q u e s  t o  p r o d u c e  c a s t i n g s  w h i c h  
d e m o n s t r a t e d  good s u r f a c e  f i n i s h  and soundness. These c a s t i n g s  
were  s u b s i z e ,  t o  f a c i l i t a t e  g r e a t e r  e x p e r i m e n t a t i o n  w i t h i n  t h e  

t i m e  and f i n a n c i a l  c o n s t r a i n t s  o f  t h i s  t a s k .  However,  t h e  

c a s t i n g s  were  d e s i g n e d  t o  a c c u r a t e l y  r e p r e s e n t  p o r t i o n s ,  o r  

s m a l l e r  v e r s i o n s ,  o f  t h e  r o t o r  h o u s i n g ;  s p e c i f i c a l l y ,  a c h i e v i n g  

f i n i s h  was a s s e s s e d  by  v i s u a l  o b s e r v a t i o n ,  w h i l e  soundness was 

e v a l u a t e d  b y  m e t a l l o g r a p h i c  methods.  The g o a l  o f  t h e  t a s k  was t o  

e s t a b l i s h  t h e  t e c h n o l o g y  f o r  p r o d u c i n g  g e n e r i c  f i b e r  r e i n f o r c e d  

c a s t i n g s  whose o v e r a l l  q u a l i t y  i s  e q u a l  t o  t h a t  o f  c o m m e r c i a l l y  
c a s t  n o n - r e i n f o r c e d  p r o d u c t s ,  

f u l l  soundness  i n  t h i c k  s e c t i o n s  was a d d r e s s e d .  E x t e r i o r  s u r f a c e  

3.5 TASK 5 :  FABRICATION OF ROTARY E N G I N E  R O T O R  H O U S I N G  

I n  t h i s  t a s k ,  t h e  d e s i g n  r e s u l t s  o f  Task 2, t h e  s u r f a c e  

c o m p a t i b i l i t y  a p p r o a c h  d e f i n e d  by  Task 3, and t h e  o p t i m i z e d  

c a s t i n g  t e c h n i q u e s  d e v e l o p e d  u n d e r  Task 4 were  comb ined  t o  

-5- 

, 



p r o d u c e  a r e p r e s e n t a t i v e  c o m m e r c i a l - q u a l i t y  c a s t  Gr/Mg r o t a r y  

e n g i n e  r o t o r  h o u s i n g .  T h i s  h o u s i n g  was n o t  o p t i m i z e d ,  as t h e  

p h y s i c a l  c o n f i g u r a t i o n  was a r e t r o f i t  f o r  a c o n v e n t i o n a l  a l l o y  

h o u s i n g  r a t h e r  t h a n  a d e s i g n  s p e c i f i c a l l y  m o d i f i e d  f o r  c o m p o s i t e  
m a t e r i a l s .  However,  w i t h i n  t h i s  c o n s t r a i n t ,  t h e  Gr/Mg m a t e r i a l  

i t s e l f  was o p t i m i z e d  f o r  t h e  p h y s i c a l  and m e c h a n i c a l  p e r f o r m a n c e  

r e q u i r e m e n t s  o f  t h e  r o t a r y  e n g i n e  a p p l i c a t i o n .  The c a s t i n g  was 

d e s i g n e d  t o  have o p t i m i z e d  s u r f a c e  f i n i s h  and soundness ,  w i t h  t h e  

soundness  b e i n g  v e r i f i e d  by  N D E  t e c h n i q u e s .  The a p p r o p r i a t e  

c h e m i c a l l y  c o m p a t i b l e  s u r f a c e s  were  a p p l i e d  t o  t h e  c a s t i n g ,  based 

on  t h e  Task 3 t e c h n o l o g y .  The wear  r e s i s t a n t  s u r f a c e  was t e s t e d  

and s p e c i f i e d .  I n  summary, t h i s  p a r t  was e s s e n t i a l l y  r e a d y  f o r  

t e s t i n g  u n d e r  s e r v i c e  c o n d i t i o n s .  
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4.0 RESULTS AND D I S C U S S I O N  

F o r  c l a r i t y ,  t h e  r e s u l t s  o f  t h i s  p r o g r a m  w i l l  be  d i s c u s s e d  b y  

Task. 

4.1 TASK 1: CHARACTERIZATION OF CAST Gr/Mg 

4.1.1 T e n s i l e ,  Compress i ve ,  and F l e x u r a l  P r o p e r t i e s  

The r e s u l t s  o f  t h e  t e n s i l e ,  c o m p r e s s i v e ,  and f l e x u r a l  t e s t s  

c o n d u c t e d  on s a m p l e s  o f  c a s t  Gr/Mg f l a t  p l a t e s  a r e  g i v e n  i n  T a b l e  

1. A few  t e s t s  w e r e  d e l e t e d  f r o m  t h e  o r i g i n a l  p l a n ;  t h e  d e l e t e d  

t e s t s ,  and t h e  r e a s o n s  f o r  t h e  d e l e t i o n ,  a r e  shown i n  T a b l e  2. 

An a n a l y s i s  o f  t h e  T a b l e  1 r e s u l t s  r e v e a l s  no  m a j o r  o r  i n e x -  

p l i c a b l e  d e v i a t i o n s  f r o m  a n t i c i p a t e d  b e h a v i o r .  The t e n s i l e  

s t r e n g t h  o f  t h e  u n i d i r e c t i o n a l  ( 4 0 %  i n  t h e  0' d i r e c t i o n )  f i b e r  

o r i e n t a t i o n  m a t e r i a l  i s  l o w e r  t h a n  t h a t  p r e d i c t e d  f r o m  r u l e - o f -  
m i x t u r e s  t h e o r y .  However,  i t  i s  b e l i e v e d  t h a t  t h i s  d i s c r e p a n c y  
c a n  be  e x p l a i n e d  by  f i b e r  m i s a l i g n m e n t  w h i c h  o c c u r s  d u r i n g  t h e  
p r o c e d u r e  i n v o l v i n g  f i b e r  l a y u p ,  p r e p r e g g i n g  w i t h  a f u g i t i v e  
b i n d e r ,  and f l a t t e n i n g  o f  t h e  p r e p r e g .  F u r t h e r m o r e ,  i t  i s  n o t  

u n u s u a l  f o r  c o m p o s i t e  m a t e r i a l s  t o  f a i l  t o  e x h i b i t  f u l l  t h e o -  
r e t i c a l  p r o p e r t i e s  when t e s t e d  i n  b u l k  f o r m .  What i s  s i g n i f i -  

c a n t  a b o u t  t h e  T a b l e  1 d a t a  i s  t h a t  i t  r e p r e s e n t s  b y  f a r  t h e  mos t  

c o m p l e t e  c o m p i l a t i o n  o f  m e c h a n i c a l  p r o p e r t y  d a t a  on c a s t  Gr/Mg. 

And, w h i l e  t h e r e  a r e  d e v i a t i o n s  f r o m  s t r a i g h t - l i n e  b e h a v i o r  a s  

t h e  f i b e r  c o n t e n t  i n  t h e  t e s t  d i r e c t i o n  i n c r e a s e s  f r o m  0% t o  40%,  

t h e  g e n e r a l  t r e n d  o f  each p r o p e r t y  i s  d e c i d e d l y  upward,  as  w o u l d  

be  e x p e c t e d  ( F i g u r e s  1 t h r o u g h  5 ) .  The f a c t  many o f  t h e  d a t a  
p o i n t s  f o r  t h e  30% f i b e r  samp les  f a l l  b e l o w  t h e  a v e r a g e  l i n e  i s  

u n d o u b t e d l y  r e l a t e d  t o  t h e  c a s t i n g  q u a l i t y  o f  t h e  p l a t e s  f r o m  

w h i c h  t h e s e  samp les  w e r e  c u t ,  and i s  p r o b a b l y  i r r e l e v a n t  t o  t h e  

g e n e r a l  p r o p e r t y  t r e n d .  N o t e  t h a t  t h e  r e l a t i o n s h i p  be tween  f i b e r  

c o n t e n t  and t e n s i l e  modu lus  i s  g e n e r a l l y  good ( F i g u r e  3 ) ,  w i t h  

t h e  o n l y  s i g n i f i c a n t  d e v i a t i o n  o c c u r r i n g  a t  t h e  10% v a l u e .  

, 
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I n  g e n e r a l ,  i t  i s  b e l i e v e d  t h a t ,  w i t h  more e x p e r i e n c e  i n  

c a s t i n g  t e s t  p l a t e s ,  a l l  s t r e n g t h  v a l u e s  w i l l  t e n d  t o  i m p r o v e ;  

a l s o ,  a l i n e a r  r e l a t i o n s h i p  be tween  p r o p e r t i e s  and f i b e r  c o n t e n t  

w i l l  be  shown t o  e x i s t  t h r o u g h o u t  t h e  a v a i l a b l e  r a n g e  o f  r e i n -  

f o rcemen t .  F o r  t h e  p r e s e n t  program, T a b l e  1 d a t a  i s  a d e q u a t e  as  
a b a s e l i n e  f o r  t h e  Task 2 d e s i g n  s t u d y ,  s i n c e  i t  p r o v i d e s  a t  
l e a s t  a p p r o x i m a t e  ( a n d  p r o b a b l y  c o n s e r v a t i v e )  v a l u e s  f o r  t h e  
p r o p e r t i e s  r e q u i r e d .  

I 
N o t  s u r p r i s i n g l y ,  Gr/Mg c a s t i n g s  m a i n t a i n  t h e i r  m e c h a n i c a l  

p r o p e r t i e s  q u i t e  w e l l  a t  e l e v a t e d  t e m p e r a t u r e s ,  e x c e p t  i n  c a s e s  

s u c h  as  t h e  - + 4 5 O  f i b e r  o r i e n t a t i o n s ,  where  t h e r e  a r e  no f i b e r s  

p a r a l l e l  t o  t h e  t e s t  d i r e c t i o n .  I n  t h e s e  m a t e r i a l s ,  t r a n s f e r  o f  
t h e  l o a d  t o  t h e  f i b e r s  i s  b y  s h e a r  s t r e s s e s  i n  t h e  m a t r i x ,  and 
t h e  m a t r i x  s h e a r  s t r e n g t h  i s  s i g n i f i c a n t l y  r e d u c e d  as  t h e  t e s t  
t e m p e r a t u r e  i s  i n c r e a s e d .  It i s  a l s o  a p p a r e n t ,  however ,  t h a t  

even t h e  room t e m p e r a t u r e  p r o p e r t i e s  o f  t h e  - + 4 5 O  f i b e r  samples 
a r e  n o t  e s p e c i a l l y  a t t r a c t i v e ,  a g a i n ,  because  o f  t h e  n e c e s s i t y  o f  

s h e a r  s t r e s s  t r a n s f e r  t h r o u g h  t h e  m a t r i x  and t h e  r e l a t i v e l y  weak 

f i b e r / m a t r i x  i n t e r f a c e s .  T h i s  f a c t  was g i v e n  s t r o n g  

c o n s i d e r a t i o n  i n  t h e  Task 2 d e s i g n  s t u d y ,  as  w i l l  be  d i s -  c u s s e d  

l a t e r .  On t h e  p o s i t i v e  s i d e ,  t h e  c o m p r e s s i v e  s t r e n g t h  o f  Gr/Mg 
i s  q u i t e  g o o d ,  e v e n  a t  e l e v a t e d  t e m p e r a t u r e s ,  and  e v e n  p e r -  

p e n d i c u l a r  t o  t h e  p r i m a r y  f i b e r  d i r e c t i o n .  ( C o m p r e s s i v e  modu lus  
a t  e l e v a t e d  t e m p e r a t u r e s  c o u l d  n o t  be  measured u s i n g  t h e  e q u i p -  
ment  emp loyed  b y  EMTL).  The o n l y  e x c e p t i o n  t o  t h i s  r u l e  i s  t h e  

- + 4 5 O  f i b e r  samp les ,  because  c o m p r e s s i v e  s t r e s s e s  c a u s e  s h e a r  
f a i l u r e  a t  t h e  f i b e r / m a t r i x  i n t e r f a c e s .  

i 

I 

I 

I 

I 
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t ,  i n  a f e w  c a s e s ,  t h e  s t r e n g t h  

o f  t h e  m a t e r i a l  a p p e a r s  t o  be  h i g h e r  a t  e l e v a t e d  t e m p e r a t u r e s  

t h a n  a t  room t e m p e r a t u r e .  T h i s  c o u l d  have  been t h e  r e s u l t  o f  

h i g h e r  q u a l i t y  m a t e r i a l  b e i n g  t e s t e d  a t  e l e v a t e d  t e m p e r a t u r e s .  

On t h e  o t h e r  hand, m i s a l i g n e d  f i b e r s  a r e  e s p e c i a l l y  d e t r i m e n t a l  
t o  c o m p o s i t e  s t r e n g t h  i f  t h e y  a r e  c o n t a i n e d  b y  a h i g h  modu lus  

I 
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m a t r i x .  S i n c e  t h e  e f f e c t i v e  modu lus  o f  t h e  m a t r i x  d e c r e a s e s  a t  

e l e v a t e d  t e m p e r a t u r e s ,  t h e  a p p a r e n t  i n c r e a s e  i n  s t r e n g t h  c o u l d  be  
r e a l .  O f  c o u r s e ,  t h i s  w i l l  n o t  happen when t h e  m i s a l i g n m e n t  

p r o b l  ems a r e  s o l v e d .  

4.1.2 T h e r m a l  P r o p e r t i e s  

The t h e r m a l  d i f f u s i v i t y / t h e r m a l  c o n d u c t i v i t y ,  s p e c i f i c  h e a t ,  

and t h e r m a l  e x p a n s i o n  o f  a v a r i e t y  o f  c a s t  Gr/Mg m a t e r i a l s  were  

measured a t  EMTL. 

4.1.2.1 Therma l  C o n d u c t i v i t y  

The t h e r m a l  c o n d u c t i v i t i e s  were  c a l c u l a t e d  f r o m  t h e  measured 

t h e r m a l  d i f f u s i v i t i e s  and t h e  s p e c i f i c  h e a t ,  t h e  l a t t e r  b e i n g  a 

m a t e r i a l  p r o p e r t y  i n d e p e n d e n t  o f  f i b e r  o r i e n t a t i o n .  I n  t h e  

p r o c e d u r e  emp loyed ,  t h e r m a l  d i f f u s i v i t y  i s  measured  by  a f l a s h  

method. A s h o r t - d u r a t i o n  p u l s e  o f  t h e r m a l  e n e r g y  i s  a b s o r b e d  on 

one f a c e  o f  a s l a b  spec imen  and a l l o w e d  t o  p r o p a g a t e  t h r o u g h  t h e  

t h i c k n e s s  o f  t h e  specimen.  The t h e r m a l  r e s p o n s e  o f  t h e  o p p o s i t e  

f a c e  i s  m o n i t o r e d  as  a f u n c t i o n  o f  t i m e ,  and r e c o r d e d  w i t h  an 
o s c i l l o s c o p e .  Therma l  d i f f u s i v i t y  i s  t h e n  c a l c u l a t e d  as a 

r e l a t i o n  o f  t h i s  t i m e  f u n c t i o n  and t h e  spec imen  t h i c k n e s s .  T h i s  
measurement method conforms generally t o  Specification A S T M - C -  

714-72, w i t h  m o d i f i c a t i o n s  t o  p e r m i t  a c c u r a t e  measurements t o .  
e l e v a t e d  t e m p e r a t u r e s .  
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The s i m p l i f i e d  r e l a t i o n s h i p  w h i c h  has been d e r i v e d  t o  r e l a t e  
d i f f u s i v i t y  w i t h  spec imen t h i c k n e s s  and h e a t  p u l s e  t r a v e r s e  t i m e  
i s  b a s i c a l l y :  

2 a = wL 
% / 2  

where: 

a = t h e r m a l  d i f f u s i v i t y  
L = spec imen t h i c k n e s s  

t l / 2  = t i m e  f o r  b a c k - f a c e  t e m p e r a t u r e  t o  r e a c h  

w = p a r a m e t e r  w h i c h  i s  a f u n c t i o n  o f  h e a t  l o s s  
f r o m  t h e  specimen.  F o r  t h e  i d e a l  case  o f  

z e r o  h e a t  l o s s ,  t h e  v a l u e  o f  t h i s  p a r a -  

m e t e r  i s  0.139. 

o n e - h a l f  i t s  maximum 

More s p e c i f i c  t o  t h i s  d i s c u s s i o n ,  t h e  r e l a t i o n s h i p  o f  t h e r m a l  
c o n d u c t i v i t y  and t h e r m a l  d i f f u s i v i t y  i s  e x p r e s s e d  as :  

where: 

Y = a P C p  

, 

y = t h e r m a l  c o n d u c t i v i t y  

a = t h e r m a l  d i f f u s i v i t y  

P = m a t e r i a l  d e n s i t y  
= s p e c i f i c  h e a t  

cP 

S p e c i f i c  h e a t  i s  d e r i v e d  as  t h e  s l o p e  o f  t h e  c u r v e  d e s c r i b i n g  
t h e  e n t h a l p y - t e m p e r a t u r e  r e l a t i o n s h i p .  E n t h a l p y  i s  measured w i t h  

a Bunsen- t ype  i c e  c a l o r i m e t e r ;  s u f f i c i e n t  d a t a  a r e  r e c o r d e d  s o  
t h a t  t h e  r e l a t i o n s h i p  can  be w e l l  d e f i n e d .  S p e c i f i c  h e a t  i s  t h e n  

d e r i v e d  g r a p h i c a l l y  f r o m  t h e  smoothed e n t h a l p y  d a t a .  
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I n  t h e  Bunsen i c e  c a l o r i m e t e r ,  h e a t  g i v e n  up  f r o m  a p r e h e a t e d  

spec imen t o  t h e  w e l l  i s  measured i n  t e r m s  o f  a vo lume change i n  a 

c l o s e d  w a t e r - i c e  chamber i n  e q u i l i b r i u m  a t  O°C, 

some o f  t h e  i c e  i n  t h e  chamber,  c a u s i n g  a n e t  change i n  t h e  
w a t e r - i c e  vo lume.  To measure  t h i s  change, m e r c u r y  i s  used as t h e  

vo lume t r a n s f e r  a g e n t ;  a r e s e r v o i r  o f  m e r c u r y  i n  t h e  b o t t o m  o f  
t h e  w e l l  i s  c o n n e c t e d  t o  an e x t e r n a l  a c c o u n t i n g  s y s t e m  such t h a t  

s m a l l  vo lume changes  can  be r e l a t e d  t o  w e i g h t  changes i n  t h e  
m e r c u r y  vo lume,  The h e a t  e q u i v a l e n t  f o r  m e r c u r y  i n  t h i s  sys tem 

has been d e t e r m i n e d  b y  t h e  N a t i o n a l  Bureau o f  S t a n d a r d s  and o t h e r  

l a b o r a t o r i e s  t o  be  270.48 j o u l e s  p e r  gram. T h i s  i s  t h e  c o n s t a n t  

o f  t h e  m e a s u r i n g  method,  and s h o u l d  n o t  v a r y  among Bunsen i c e  

c a l o r i m e t e r s ,  I t  i s  a f u n c t i o n  o f  t h e  vo lume change o f  i c e  m e l t -  
i n g  t o  w a t e r  and t h e  h e a t  o f  f u s i o n  i n v o l v e d  i n  t h e  change o f  
s t a t e ,  A l l  h e a t  t r a n s f e r  i s  measured a t  t h e  i c e  p o i n t ;  t h e r e  i s  

no need t o  measure  t e m p e r a t u r e s  i n  t h e  c a l o r i m e t e r .  

The h e a t  m e l t s  

The s p e c i f i c  h e a t  o f  c a s t  Gr/Mg c o n t a i n i n g  40  vo lume % f i b e r ,  

as  a f u n c t i o n  o f  t e m p e r a t u r e ,  i s  shown i n  F i g u r e  6. The t h e r m a l  

c o n d u c t i v i t i e s  o f  a v a r i e t y  o f  Gr/Mg m a t e r i a l s  ( d i f f e r e n t  combi -  

n a t i o n s  o f  v a r i o u s  f i b e r  o r i e n t a t i o n s ,  t e s t e d  i n  v a r i o u s  d i r e c -  

t i o n s )  a r e  shown i n  F i g u r e s  7 t h r o u g h  10. S e v e r a l  i m p o r t a n t  

f a c t s  a r e  a p p a r e n t  f r o m  t h e s e  f i g u r e s .  F i r s t ,  t h e  i n c r e a s i n g  

t h e r m a l  c o n d u c t i v i t y  w i t h  i n c r e a s i n g  t e m p e r a t u r e s  i s  e v i d e n t l y  a 
m a t r i x  phenomenon, s i n c e  t h e  a l l o y  ( A Z 9 1 )  e x h i b i t s  s i m i l a r  
b e h a v i o r ,  Second,  t h e  t h e r m a l  c o n d u c t i v i t i e s  o f  c o m p o s i t e s  a r e  
g e n e r a l l y  l o w e r  t h a n  t h a t  o f  t h e  m a t r i x ,  w h i c h  r a n g e s  f rom ap-  

p r o x i m a t e l y  0.6 t o  1 w a t t s  c m - l c - l  , d e p e n d i n g  on t e m p e r a t u r e .  
The r e a s o n  f o r  t h i s  can  be deduced f r o m  F i g u r e s  7 and 10. 

A l t h o u g h  t h e s e  c u r v e s  a r e  n o t  i d e n t i c a l ,  i n  t h e o r y  t h e y  s h o u l d  

be: i n  b o t h  cases ,  a l l  f i b e r s  a r e  o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  
d i r e c t i o n  o f  measured c o n d u c t i v i t y ,  From a m a t e r i a l  f a b r i c a t i o n  

s t a n d p o i n t ,  t h e  m a t e r i a l  i n  F i g u r e  7 c o n t a i n s  s u c c e s s i v e  p l a n e s  

o f  f i b e r s  o r i e n t e d  i n  t w o  o r t h o g o n a l  d i r e c t i o n s ,  b u t  t h e  p l a n e s  

o f  b o t h  t h e  0' and t h e  90' f i b e r s  a r e  p e r p e n d i c u l a r  t o  t h e  h e a t  
p u l s e  d i r e c t i o n  o f  t r a v e l .  I n  F i g u r e  10, t h e  h e a t  p u l s e  t r a v e l e d  
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p a r a l l e l  t o  t h e  p l a n e s  o f  f i b e r s ,  b u t  t h e  f i b e r s  i n  a l l  p l a n e s  
were o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  t r a v e l  d i r e c t i o n .  I t  seems 
p r o b a b l e  t h a t  s o m e t h i n g  i n  t h e  p r o c e s s i n g  sequence c r e a t e d  enough 

d i f f e r e n c e  be tween  t h e s e  t w o  s i t u a t i o n s  t o  a c c o u n t  f o r  t h e  

d i f f e r e n c e  be tween  F i g u r e s  7 and 10. R e g a r d l e s s  o f  t h i s  

d i s c r e p a n c y ,  i t  i s  c l e a r  t h a t  t h e  t h e r m a l  c o n d u c t i v i t y  o f  Gr/Mg, 

p e r p e n d i c u l a r  t o  t h e  f i b e r s ,  i s  i n  t h e  a p p r o x i m a t e  r a n g e  o f  0.1 

t o  0.2 w a t t s  c m - l  c - ~ .  

T h i s  f a c t  has  some i m p o r t a n t  i m p l i c a t i o n s  f o r  d e s i g n i n g  Gr/Mg 
m a t e r i a l s  f o r  c i r c u m s t a n c e s  u n d e r  w h i c h  t h e r m a l  c o n d u c t i v i t y  i s  a 
p r i m a r y  c o n c e r n .  A l t h o u g h  t h e  t r a n s v e r s e  t h e r m a l  c o n d u c t i v i t y  o f .  

t h e  f i b e r s  i s  n o t  known, s i m p l i s t i c  r e a s o n i n g  w o u l d  s u g g e s t  t h a t  

t h e  c o n d u c t i v i t y  o f  a Gr/Mg m a t e r i a l  c o n t a i n i n g  40  vo lume % 
f i b e r ,  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  f i b e r s ,  w o u l d  be 60  

p e r c e n t  o f  t h e  m a t r i x  c o n d u c t i v i t y  p l u s  40 p e r c e n t  o f  t h e  

t r a n s v e r s e  f i b e r  c o n d u c t i v i t y .  T h i s  i s  c l e a r l y  n o t  t h e  case.  I n  

f a c t ,  t o  a f i r s t  a p p r o x i m a t i o n ,  i t  appears  t h a t  t h e  t h e r m a l  

c o n d u c t i v i t y  o f  any p o r t i o n  o f  t h e  c o m p o s i t e  w h i c h  does n o t  
c o n t a i n  f i b e r s  p a r a l l e l  t o  t h e  measurement  d i r e c t i o n ,  b u t  w h i c h  
does c o n t a i n  any s i g n i f i c a n t  amount o f  p e r p e n d i c u l a r  f i b e r s ,  

f a l l s  i n  t h e  0.1 t o  0.2 w a t t s  cm" C - l  range.  I n  o t h e r  words ,  
I 

= CfVf + Ct(l-Vf) 
where  C c  = d i r e c t i o n a l  c o n d u c t i v i t y  o f  t h e  

c o m p o s i t e  

c f  = l o n g i t u d i n a l  c o n d u c t i v i t y  o f  t h e  
f i b e r s  

v f  = vo lume f r a c t i o n  o f  f i b e r s  o r i e n t e d  i n  
c o n d u c t i v i t y  d i r e c t i o n  

Ct  = c o n d u c t i v i t y  o f  b u l k  m a t e r i a l  
c o n t a i n i n g  t r a n s v e r s e  f i b e r s  

( a p p r o x i m a t e l y )  
C - 1  = 0.1 t o  0.2 w a t t s  cm-l 
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Thus, even t h o u g h  c f  = 1 f o r  P55 f i b e r s  and t h e  m a t r i x  t h e r m a l  
c o n d u c t i v i t y  i s  a p p r o x i m a t e l y  0.8, F i g u r e  9 shows t h a t ,  f o r  a 

oo/900 v a l a n c e d  c r o s s - p l y ,  t h e  0' d i r e c t i o n  c o n d u c t i v i t y  i s  

C c  = ( 1 ) ( . 2 )  + (0 .15 ) ( .8 )  = 0.32 

w h i c h  i s  t h e  a p p r o x i m a t e  v a l u e  shown i n  t h e  F i g u r e .  The t h e r m a l  
c o n d u c t i v i t y  w o u l d  u n d o u b t e d l y  be h i g h e r  i f  a h i g h e r  modu lus  
f i b e r  were  used. F o r  example,  t h e  same c o n f i g u r a t i o n  u s i n g  P l O O  

f i b e r  ( C f  = 5.2 w a t t s  cm" C - ' )  w o u l d  Y i e l d :  

c c  = (5.2)(.2) + ( . 1 5 ) ( . 8 )  = 1.16 w a t t s  c m - l  C - l  

o r  a h i g h e r  t h e r m a l  c o n d u c t i v i t y  t h a n  t h e  m a t r i x  a l o n e .  
U n f o r t u n a t e l y ,  t h e  0' f i b e r  o r i e n t a i o n  sample,  t e s t e d  i n  t h e  0' 
d i r e c t i o n ,  was c r a c k e d ,  and t h e  r e s u l t s  were t h e r e f o r e  i n v a l i d ;  
e x p e r i m e n t a l  d i f f i c u l t i e s  i n  p r e p a r i n g  samples f o r  t h i s  t e s t  

p r e c l u d e d  f a b r i c a t i n g  a r e p l a c e m e n t .  However,  i t  seems 

r e a s o n a b l e  t o  assume t h a t  i f  t h e r e  a r e  no f i b e r s  o r i e n t e d  

p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  h e a t  t r a v e l ,  t h e  m a t r i x  

c o n d u c t i v i t y  w i l l  become f u l l y  e f f e c t i v e ,  and t h e r e f o r e :  

c C  = C f V f  + C m ( l - V f )  

where  Cm i s  t h e  m a t r i x  c o n d u c t i v i t y  ( a p p r o x i m a t e l y  0.7 w a t t s  c m - l  

C - ' ) .  U n f o r t u n a t e l y ,  t h e  T a b l e  1 d a t a  shows t h a t  t h e  t r a n s v e r s e  
s t r e n g t h  o f  a u n i d i r e c t i o n a l l y  r e i n f o r c e d  Gr/Mg c o m p o s i t e  i s  n o t  
s u f f i c i e n t  f o r  mos t  s t r u c t u r a l  a p p l i c a t i o n s .  T h e r e f o r e ,  f o r  
p o r t i o n s  o f  a s t r u c t u r e  where  t h e r m a l  c o n d u c t i v i t y  i n  one 

p a r t i c u l a r  d i r e c t i o n  i s  e s p e c i a l l y  i m p o r t a n t ,  t h e  b e s t  compromise 

m i g h t  be t o  use  t h e  minimum t r a n s v e r s e  f i b e r  c o n t e n t  n e c c e s a r y  t o  
m a i n t a i n  s t r u c t u r a l  i n t e g r i t y ,  t o g e t h e r  w i t h  t h e  maximum c o n t e n t  

o f  h i g h  c o n d u c t i v i t y  ( h i g h  m o d u l u s )  f i b e r s  i n  t h e  c r i t i c a l  

d i r e c t i o n .  T h i s  a p p r o a c h  i s  c e r t a i n l y  f e a s i b l e  f o r  r o t a r y  e n g i n e  
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h o u s i n g s .  I t  was n o t  a t t e m p t e d  on t h i s  p rogram,  p a r t l y  because 

t h e  c o n f i r m i n g  p r o p e r t y  d a t a  was n o t  a v a i l a b l e ,  and p a r t l y  
because t h e  i n c o r p o r a t i o n  o f  t h e  h i g h  modu lus  f i b e r s  i n t o  an 

a l r e a d y  comp lex  f i b e r  l a y u p  was f e l t  t o  be beyond t h e  scope o f  
what  c o u l d  be r e a s o n a b l y  a c c o m p l i s h e d .  

4.1.2.2 Thermal  E x p a n s i o n  

The method emp loyed  t o  measure  t h e r m a l  e x p a n s i o n  i s  

f r e q u e n t l y  i d e n t i f i e d  as t h e  q u a r t z  ( f u s e d  s i l i c a )  r e c o r d i n g  

d i l a t o m e t e r .  I n  t h i s  p r o c e d u r e ,  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  
F i g u r e  B-1, t h e  spec imen  i s  s u p p o r t e d  be tween members o f  a q u a r t z  

f r a m e  and p u s h - r o d  assembly .  The assembly  i s  i n s e r t e d  i n t o  a 
f u r n a c e  c a p a b l e  o f  u n i f o r m l y  h e a t i n g  t h e  spec imen zone. As  t h e  
spec imen t e m p e r a t u r e  i s  changed,  changes i n  i t s  l e n g t h  d i m e n s i o n  

r e s u l t  i n  r e l a t i v e  d i s p l a c e m e n t  o f  t h e  q u a r t z  p u s h - r o d  and f rame 

assembly.  The amount o f  d i s p l a c e m e n t  i s  sensed by  a l i n e a r  

v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r  and r e c o r d e d  on one s c a l e  o f  an 

X - Y  p l o t t e r .  Spec imen t e m p e r a t u r e ,  sensed by  a t h e r m o c o u p l e ,  i s  

r e c o r d e d  on t h e  o t h e r  s c a l e .  Thus, a c o n t i n u o u s  r e c o r d  o f  

d i l a t i o n  v e r s u s  t e m p e r a t u r e  i s  p roduced.  

I 

The t h e r m a l  e x p a n s i o n  b e h a v i o r  o f  t h e  v a r i o u s  Gr/Mg m a t e r i a l s  
s t u d i e d  i s  shown i n  F i g u r e s  11 t h r o u g h  15. T a b l e  3 l i s t s  t h e  
c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  ( C T E )  o v e r  v a r i o u s  t e m p e r a t u c e  
ranges.  T h r e e  f a c t s  a r e  o b v i o u s  f r o m  t h i s  d a t a .  F i r s t ,  t h e  

t h e r m a l  e x p a n s i o n  o f  Gr/Mg i s  much l o w e r  t h a n  t h a t  o f  

c o n v e n t i o n a l  a l l o y s .  Second, t h e  CTE becomes l o w e r  ( a n d  o f t e n  

even n e g a t i v e )  as t h e  t e m p e r a t u r e  i n c r e a s e s .  T h i r d ,  t h e r e  i s  a 

h y s t e r e s i s  l o o p  be tween  t h e  h e a t i n g  and c o o l i n g  p o r t i o n s  o f  t h e  

e x p a n s i o n  c u r v e .  

When a c o m p o s i t e  m a t e r i a l  c o n t a i n i n g  u n i d i r e c t i o n a l y  a l i g n e d  
f i b e r s  i s  h e a t e d ,  t h e  t h e o r e t i c a l  CTE i s  d e f i n e d  b y  t h e  e q u a t i o n :  
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w h e r e  CTEc = CTE o f  c o m p o s i t e  
CTEf = CTE o f  f i b e r  
CTE, = CTE o f  m a t r i x  

Ef,E,= E l a s t i c  m o d u l i  o f  f i b e r  and m a t r i x  
= Volume f r a c t i o n  f i b e r  v f 

For P55 f i b e r s  i n  an A Z 9 1  m a t r i x ,  

C T E f  = - 0 . 5  P P M / O F  

CTE, = 14 P P M / O F  

E f  = 55 ms i  
E, = 6.5 ms i  

i 

I 

! 

It seems r e a s o n a b l e  t o  assume t h a t ,  f o r  a m a t e r i a l  c o n t a i n i n g  
O o / 9 0 0  c r o s s - p l  i e d  f i b e r s ,  t h e  e f f e c t i v e  m a t r i x  modu lus  i s  t h e  

modu lus  o f  t h e  m a t e r i a l  c o n t a i n i n g  t r a n s v e r s e  f i b e r s ;  f r o m  T a b l e  

1, t h i s  v a l u e  i s  3 . 4  m s i  a t  room t e m p e r a t u r e .  The CTE o f  t h i s  

m a t r i x  s h o u l d  be c l o s e  t o  1 4  P P M / O F ,  a s  seen i n  F i g u r e s  1 2  and 1 3  
and T a b l e  3 .  U s i n g  t h e s e  numbers,  t h e  CTE v a l u e s  f o r  Gr/blg 0. 

composites c o n t a i n i n g  10, 20, 30, and 40 vo lume p e r c e n t  f i b e r s  i n  
t h e  t e s t  d i r e c t i o n  ( 4 0  vo lume p e r c e n t  f i b e r s  t o t a l ,  t h e  b a l a n c e  
b e i n g  i n  t h e  t r a n s v e r s e  d i r e c t i o n )  a r e  c a l c u l a t e d  t o  be,  

r e s p e c t i v e l y ,  4 . 7 ,  2.4, 1.3, and 1.7 P P M / O F .  The f a c t  t h a t  t h e  
c a l c u l a t e d  CTE f o r  30% f i b e r s  i s  l o w e r  t h a n  t h a t  f o r  40% f i b e r s  
i s  r e l a t e d  t o  t h e  a s s u m p t i o n  used f o r  m a t r i x  modu lus ;  i t  i s ,  

u n d o u b t e d l y ,  n o t  c o r r e c t  t o  assume t h i s  modu lus  d r o p  f r o m  6.5 t o  

3.4 m s i  w i t h  t h e  a d d i t i o n  o f  o n l y  a few t r a n s v e r s e  f i b e r s .  I n  

s p i t e  o f  t h i s  s i m p l i f i c a t i o n ,  i t  can  be  seen t h a t  t h e  agreement  

w i t h  e x p e r i m e n t a l  r e s u l t s  i s  r e a s o n a b l y  good up t o  4OO0F. Above 
t h i s  t e m p e r a t u r e ,  o t h e r  f a c t o r s  become dominan t .  
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The r e a s o n  f o r  t h e  low CTE i n  Gr/Mg i s ,  o f  c o u r s e ,  t h e  

n e g a t i v e  CTE and r e l a t i v e l y  h i g h  modu lus  o f  t h e  f i b e r s .  As  t h e  

m a t e r i a l  i s  h e a t e d ,  t h e  f i b e r s  a t t e m p t  t o  c o n t r a c t  i n  l e n g t h ,  
w h i l e  t h e  m a t r i x  a t t e m p t s  t o  expand. The two  components  t h e r e f o r e  
e x e r t  s t r e s s e s  on each o t h e r  ( t e n s i l e  s t r e s s  on t h e  f i b e r s  and 

c o m p r e s s i v e  s t r e s s e s  on t h e  m a t r i x  d u r i n g  h e a t i n g ) .  The b a l a n c e  
o f  t h e s e  s t r e s s e s  d e t e r m i n e s  t h e  CTE, as shown i n  t h e  e q u a t i o n .  

However,  t h e  u s e  o f  t h e  m a t r i x  modu lus  i s  v a l i d  o n l y  u n t i l  t h e  

y i e l d  s t r e n g t h  o f  t h e  m a t r i x  ( c o m p r e s s i v e ,  on h e a t i n g )  i s  

reached.  F u r t h e r  h e a t i n g  n o t  o n l y  i n c r e a s e s  t h e  c o n t r a c t i o n  

s t r e s s  e x e r t e d  by  t h e  f i b e r ,  b u t  t h e  m a t r i x ,  h a v i n g  y i e l d e d ,  i s  

l e s s  a b l e  t o  r e s i s t  t h i s  s t r e s s ,  so  t h e  CTE becomes l o w e r .  No te  

i n  F i g u r e  11 t h a t  t h e  CTE o f  a l l  m a t e r i a l s  a p p e a r s  t o  become 

n e g a t i v e  above a p p r o x i m a t e l y  3OO0C (575OF).  T h i s  i s  an 
i n t e r e s t i n g  r e s u l t  wh ich ,  t o  t h e  a u t h o r ' s  knowledge,  has n o t  
p r e v i o u s l y  been documented. Gr/Mg c o m p o s i t e s  have been d e s i g n e d  

t o  a c h i e v e  a z e r o  C T E  u n d e r  c e r t a i n  c o n d i t i o n s ,  p r i m a r i l y  i n  a 

space e n v i r o n m e n t .  However, t h e s e  m a t e r i a l s  g e n e r a l l y  c o n t a i n  

much h i g h e r  m o d u l u s  f i b e r s ,  and t h e  t e m p e r a t u r e  r a n g e  o v e r  w h i c h  

t h e  CTE has been measured has been t y p i c a l l y  -250 t o  +25OoF. 
Q u i t e  p r o b a b l y ,  t h e  CTE o f  t h e s e  m a t e r i a l s  w o u l d  become v e r y  

n e g a t i v e  a t  t h e  t e m p e r a t u r e s  e n c o u n t e r e d  i n  a r o t a r y  e n g i n e  
h o u s i n g ,  

R e t u r n i n g  t o  t h e  CTE s t u d i e s  i n  t h i s  p rogram:  a f t e r  t h e  

maximum t e s t  t e m p e r a t u r e  has been r e a c h e d  and t h e  spec imen b e g i n s  

t o  c o o l ,  t h e  f i b e r s  now e x e r t  a t e n s i l e  s t r e s s  on t h e  m a t r i x .  

U n t i l  t h e  m a t r i x  t e n s i l e  y i e l d  s t r e s s  i s  reached ,  t h e  m a t r i x  

modu lus  a g a i n  becomes e f f e c t i v e  i n  r e s i s t i n g  t h e  f i b e r  i n d u c e d  

s t r e s s e s .  T h e r e f o r e ,  i n i t i a l  c o n t r a c t i o n  i s  g r e a t e r  t h a n  t h e  

f i n a l  e x p a n s i o n  on h e a t i n g ,  r e s u l t i n g  i n  h y s t e r e s i s .  N o t e  t h a t  

a l l  c o m p o s i t e  c o o l i n g  c u r v e s  e x h i b i t  a l o w e r  e x p a n s i o n ,  a t  a 

g i v e n  t e m p e r a t u r e ,  t h a n  t h e  c o r r e s p o n d i n g  h e a t i n g  c u r v e s .  F i n a l  
c o o l i n g  t o  room t e m p e r a t u r e  i s  an a s y m p t o t i c  p r o c e s s ,  and 
t h e r e f o r e  i m p r a c t i c a l  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  
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However, a l l  c o o l i n g  c u r v e s  a p p e a r  t o  be h e a d i n g  t o w a r d s  
a p p r o x i m a t e l y  z e r o  n e t  e x p a n s i o n  a t  room t e m p e r a t u r e .  One sample 
was i n d e e d  r e - h e a t e d ,  and t h e  e x p a n s i o n  c u r v e  t h a t  was g e n e r a t e d  

c l o s e l y  f o l l o w e d  t h e  o r i g i n a l  h e a t i n g  c u r v e ;  t h e r e f o r e ,  any 

c o n c e r n s  a b o u t  " r a t c h e t i n g "  ( c u m u l a t i v e  pe rmanen t  changes i n  

l e n g t h  a f t e r  s e v e r a l  t h e r m a l  c y c l e s )  appear  t o  be u n w a r r a n t e d .  

F u r t h e r m o r e ,  t h e s e  CTE t e s t s  were  c o n d u c t e d  u n d e r  u n r e s t r a i n e d  

c o n d i t i o n s .  I n  a r o t a r y  e n g i n e ,  a Gr/Mg h o u s i n g  w o u l d  be 
r e s t r a i n e d  by, and e x e r t  r e s t r a i n t  upon, s u r r o u n d i n g  h o u s i n g s .  

S i n c e  t h e  r o t o r  h o u s i n g  i s  t h e  h o t  h o u s i n g ,  a low C T E  Gr/Mg r o t o r  
h o u s i n g  w o u l d  e x e r t  l e s s  s t r e s s  ( t h a n  wou ld  a c o n v e n t i o n a l  r o t o r  

h o u s i n g )  on t h e  a d j o i n i n g  c o o l e r  h o u s i n g s  d u r i n g  o p e r a t i o n ,  and 
a l s o  have a l o w e r  s t r e s s  e x e r t e d  on i t  because i t s  e x p a n s i o n  

t e n d e n c y  i s  l e s s .  A f t e r  shu t -down,  t h e  d i m e n s i o n a l  c o n s t r a i n t s  

imposed by  t h e  a d j o i n i n g  h o u s i n g s  w o u l d  e n s u r e  t h a t  t h e  r o t o r  

h o u s i n g  m a i n t a i n  i t s  o r i g i n a l  d i m e n s i o n s .  

4..1.3 F a t i g u e  P r o p e r t i e s  

Amb ien t  and e l e v a t e d  t e m p e r a t u r e  f a t i g u e  t e s t i n g  was 
c o n d u c t e d  a t  B a t t e l l e .  I n i t i a l l y ,  t h e  c a s t  Gr/Mg f a t i g u e  samples 
were  o f  t h e  c o n f i g u r a t i o n  shown i n  F i g u r e  16. T h i s  sample  d e s i g n  

had r e p o r t e l y  been used s u c c e s s f u l l y  f o r  v a r i o u s  t y p e s  o f  
m e c h a n i c a l  t e s t s  o n  o t h e r  c o m p o s i t e  m a t e r i a l s .  I n  t h e  f i r s t  f e w  

t e s t s  a t  B a t t e l l e ,  however ,  t h e  Gr/Mg samples f a i l e d  a t  . 
u n e x p e c t e d l y  l o w  c o m b i n a t i o n s  o f  s t r e s s  and f a t i g u e  c y c l e s .  

Samples o f  t h i s  c o n f i g u r a t i o n  were t h e r e f o r e  t e n s i l e  t e s t e d  a t  

M C I ,  and t h e s e  r e s u l t s ,  t o o ,  were  p o o r ,  w i t h  u l t i m a t e  s t r e n g t h s  
much l o w e r  t h a n  had been measured u s i n g  s t r a i g h t  s i d e d  t e s t  

samples.  I n  v i e w  o f  t h i s  r e s u l t ,  t h e  f a t i g u e  samples  were 
r e m a c h i n e d  i n t o  a s t r a i g h t  s i d e d  c o n f i g u r a t i o n ,  0.5 i n .  w i d e  x 6 
i n .  l o n g ;  a d h e s i v e l y  bonded t a b s  were  a t t a c h e d  a t  t h e  g r i p  ends. 
The f i r s t  f a t i g u e  t e s t s  u s i n g  t h i s  new sample  d e s i g n  d u p l i c a t e d  

t h e  c o n d i t i o n s  o f  t h e  e a r l i e r  t e s t s ,  and i t  was f o u n d  t h a t  t h e  

i n d i c a t e d  f a t i g u e  b e h a v i o r  was i n d e e d  much improved .  
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The f a t i g u e  t e s t s  a r e  c u r r e n t l y  i n  p r o g r e s s .  F u l l  r e s u l t s  

w i l l  b e  documented i n  t h e  f i n a l  v e r s i o n  o f  t h i s  r e p o r t ,  

4.2 Task 2: M a t e r i a l  D e s i g n  f o r  C a s t  Gr/Mg R o t o r  H o u s i n g  

The m a t e r i a l  d e s i g n  s t u d i e s  were  p e r f o r m e d  a t  M a t e r i a l s  
S c i e n c e s  C o r p o r a t i o n ,  The c o m p l e t e  MSC r e p o r t ,  i n  v i e w g r a p h  
f o r m a t ,  i s  i n c l u d e d  i n  t h e  Append ix .  I n  summary, MSC 

s t a t i s t i c a l l y  a n a l y z e d  t h e  m e c h a n i c a l  and t h e r m a l  p r o p e r t y  d a t a  

f o r  t h e  Gr/Mg c a s t i n g s  and deduced t y p i c a l  p r o p e r t i e s  as a 

f u n c t i o n  o f  f i b e r  o r i e n t a t i o n .  S i m p l i f i e d  one d i m e n s i o n a l  h e a t  

t r a n s f e r  a n a l y s e s  were  p e r f o r m e d  a t  v a r i o u s  c r a n k  a n g l e s  i n  t h e  

r o t o r  h o u s i n g ,  i n  o r d e r  t o  o b t a i n  e s t i m a t e s  o f  w a l l  t e m p e r a t u r e s ,  

Two d i m e n s i o n a l  f i n i t e  e l e m e n t  a n a l y s e s  o f  t h e  r o t o r  h o u s i n g  were  

p e r f o r m e d  f o r  i n t e r n a l  p r e s s u r e  and t e m p e r a t u r e  l o a d s .  Two 
d i f f e r e n t  Gr/Mg f i b e r  c o n f i g u r a t i o n s  were a n a l y z e d  and compared 
t o  t h e  b a s e l i n e  a lum inum d e s i g n ,  and t h e  maximum a l l o w a b l e  

s t r e s s e s  d e t e r m i n e d  f r o m  t h e  Task 1 t e s t  p rog ram w e r e  used t o  

a s s e s s  h o u s i n g  s t r u c t u r a l  i n t e g r i t y .  

MSC found  g e n e r a l l y  good c o r r e l a t i o n  between t h e  m a t e r i a l  
* 

I t e s t  d a t a  and p r e d i c t e d  p r o p e r t i e s ,  a l t h o u g h  c o n s i d e r a b l e  s c a t t e r  

e x i s t e d  p r i m a r i l y  i n  t h e  c o m p r e s s i o n  d a t a .  Thermal  a n a l y s i s  
i n d i c a t e d  t h a t  t h e  t e m p e r a t u r e  w h i c h  t h e  m a t e r i a l  must  w i t h s t a n d  

d u r i n g  r o t o r  h o u s i n g  o p e r a t i o n  w i l l  be i n  t h e  4OO0F range.  Under  
t h e s e  c o n d i t i o n s ,  MSC d e t e r m i n e d  t h a t  a s i m p l e  O o / 9 0 0  c r o s s - p l y  

f i b e r  l a y u p  w o u l d  n o t  w i t h s t a n d  t h e  s h e a r  s t r e s s e s  e n c o u n t e r e d  i n  

t h e  h o u s i n g ,  

s a c r i f i c i n g  some b i - d i r e c t i o n a l  t e n s i l e  and c o m p r e s s i v e  s t r e n g t h  

and modu lus ,  has  a b e t t e r  b a l a n c e  o f  p r o p e r t i e s  and i s  much 

b e t t e r  s u i t e d  f o r  t h e  d e s i g n  l o a d s ,  

- +45O/9Oo P55/Mg m a t e r i a l  c o n s t i t u t e s  a v i a b l e  f i b e r  c o n f i g u r a -  
t i o n  u n d e r  r o t o r  h o u s i n g  o p e r a t i n g  c o n d i t i o n s ,  a l t h o u g h  p o s t  p r o -  
c e s s i n g  h e a t  t r e a t m e n t  t o  r e d u c e  r e s i d u a l  s t r e s s e s  was 
recommended. 

However,  a O o /  45O/9Oo f i b e r  l a y u p ,  w h i l e  

MSC c o n c l u d e d  t h a t  t h e  O o /  
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I t  s h o u l d  be  n o t e d  t h a t  M S C ' s  a n a l y s i s  was p e r f o r m e d  u n d e r  

t h e  c o n s t r a i n t  t h a t  t h r e e - d i m e n s i o n a l  f i b e r  o r i e n t a t i o n s  ( X - Y  

p l a n e  p l u s  Z a x i s )  a r e  n o t  c u r r e n t l y  f e a s i b l e  i n  Gr/Mg 

-compos i tes .  Thus, t h e  o r i g i n a l l y  p r o p o s e d  f i b e r  o r i e n t a t i o n  

( F i g u r e  1 7 )  was n o t  s e l e c t e d .  I n  t h i s  f i g u r e ,  l e t  us  r e f e r  t o  

t h e  p l a n e  o f  t h e  s k e t c h  as  t h e  X - Y  p l a n e ,  w i t h  t h e  Y d i r e c t i o n  

v e r t i c a l  . I f  t h e  i n d i c a t e d  " c i r c u m f e r e n t i a l "  f i b e r s  had been 

used, any " c r o s s - p l y "  f i b e r s  w o u l d  have had an o r i e n t a t i o n  

component i n  t h e  Z d i r e c t i o n  ( n o r m a l  t o  t h e  p l a n e  o f  t h e  s k e t c h ) .  

T h e r e f o r e ,  because  o f  t h e  t h r e e - d i m e n s i o n a l  r e s t r i c t i o n ,  
a d d i t i o n a l  f i b e r s  o r i e n t e d  i n  v a r i o u s  d i r e c t i o n s  i n  t h e  X - Y  p l a n e  
w o u l d  n o t  have been p o s s i b l e .  O n l y  t h e  " c i r c u m f e r e n t i a l "  f i b e r s  

shown w o u l d  be i n  t h e  X - Y  p l a n e ;  " r a d i a l "  f i b e r s  ( n o r m a l  a t  a l l  

p o i n t s  t o  t h e  " c i r c u m f e r e n t i a l "  f i b e r s  and l y i n g  i n  t h e  X - Y  

p l a n e )  wou ld  be g e o m e t r i c a l l y  d i s a d v a n t a g e o u s ,  because t h e  a r e a  
b e i n g  r e i n f o r c e d  i n c r e a s e s  w i t h  i n c r e a s i n g  d i s t a n c e  f r o m  t h e  

h o u s i n g  c e n t e r l i n e  and w o u l d  be e x t r e m e l y  d i f f i c u l t  f r o m  a f i b e r  

l a y u p  s t a n d p o i n t .  

MSC's a n a l y s i s  r e v e a l e d  t h a t  t h e  r e i n f o r c e m e n t  o f  a v a r i e t y  
o f  d i r e c t i o n s  i n  t h e  X - Y  p l a n e  was much more i m p o r t a n t  t h a n  
r e i n f o r c e m e n t  i n  t h e  Z d i r e c t i o n .  T h i s  seems l o g i c a l ,  s i n c e  t h e  
Z d i r e c t i o n  s t r e s s e s  a p p e a r  t o  b e  p r i m a r i l y  c o m p r e s s i v e ;  and t h e  

T a b l e  1 d a t a  i n d i c a t e s  t h a t  t h e  c o m p r e s s i v e  s t r e n g t h  o f  c a s t  

Gr/Mg p e r p e n d i c u l a r  t o  a l l  f i b e r s  i s  n e a r l y  2 0  k s i  a t  575'F, 
w h i c h  s h o u l d  be a d e q u a t e  f o r  t h e  h o u s i n g .  I n  f a c t ,  a l t h o u g h  M C I  

had o p e n l y  s p e c u l a t e d  t h a t  t h e  F i g u r e  1 7  f i b e r  o r i e n t a t i o n  wou ld  

b e  s e l e c t e d  as  opt imum, we had an u n v o i c e d  c o n c e r n  t h a t  an " o n i o n  

s k i n "  e f f e c t  c o u l d  be c r e a t e d  d u r i n g  t h e r m a l  c y c l i n g ,  w i t h  l a y e r s  

o f  c i r c u m f e r e n t i a l  l y  r e i n f o r c e d  m a t e r i a l  d e l a m i n a t i n g  f r o m  one 
a n o t h e r  because o f  t h e  p o o r  t e n s i l e  p r o p e r t i e s  no rma l  t o  t h e  
f i b e r s .  The X - Y  p l a n e  0°/+450/900 - o r i e n t a t i o n  s e l e c t e d  by  M S C  
a l l e v i a t e s  t h i s  p r o b l e m .  I t  m i g h t  a l s o  be n o t e d  t h a t  t h e  
s e l e c t e d  c o n f i g u r a t i o n  i s  p r o b a b l y  much e a s i e r  t o  a c h i e v e  i n  

f a b r i c a t i o n  t h a n  t h e  c i r c u m f e r e n t i a l  o r i e n t a t i o n  w o u l d  have been. 

I 
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4.3 TASK 3: DEVELOPMENT OF COMPATIBILITY C A S T I N G S  FOR Gr/Mg 

4.3.1 Wear R e s i s t a n t  C o a t i n g s  

A f t e r  c o n s i d e r a b l e  d i s c u s s i o n  w i t h  c o g n i z a n t  p e r s o n n e l  a t  

b o t h  NASA L e w i s  R e s e a r c h  C e n t e r  and t h e  John Deere  R o t a r y  E n g i n e  

group,  t w o  wear  r e s i s t a n t  c o a t i n g s  were  s e l e c t e d  f o r  s t u d y  i n  
t h i s  p rog ram t o  d e t e r m i n e  t h e i r  s u i t a b i l i t y  f o r  t h e  t r o c h o i d  

s u r f a c e  o f  t h e  r o t o r  h o u s i n g .  A number o f  s p r a y - c o a t i n g  

p r o c e s s e s  have  been used t o  a p p l y  w e a r - r e s i s t a n t  c o a t i n g s  t o  t h e  

t r o c h o i d  s u r f a c e s  o f  c o n v e n t i o n a l  r o t o r  h o u s i n g s .  The most  

e f f e c t i v e  p r o c e s s  has been t h e  U n i o n  C a r b i d e  D e t o n a t i o n - G u n  

(D-Gun) p r o c e s s  u s i n g  t u n g s t e n  c a r b i d e  i n  a c o b a l t  m a t r i x  ( 8 7 % /  

13%) .  T h e r e f o r e ,  t h i s  c o a t i n g  was s e l e c t e d  as t h e  " s t a n d a r d "  

c o a t i n g  f o r  t h i s  p rogram;  s p e c i f i c a l l y ,  t h e  c o a t i n g  was d e f i n e d  

as UCAR LW-In30, 2 t o  4 m i l s  t h i c k .  Two Gr/Mg samples  were 

c o a t e d  i n  t h i s  manner.  The c o a t i n g  on t h e  f i r s t  sample  d i d  n o t  
appear  t o  be smooth o r  w e l l  bonded, b u t  t h e  second sample w a s  
s a t i s f a c t o r y .  T h i s  sample  was t h e r e f o r e  mach ined  i n t o  t h r e e  
p r o p e r l y  c o n f i g u r e d  spec imens f o r  wear  t e s t i n g ;  t h e  p r e p a r a t i o n  

i n c l u d e d  p o l i s h i n g  o f  t h e  c o a t e d  s u r f a c e  t o  a 2-5 R M S  f i n i s h .  

I 

I 

B a s e d  on d i s c u s s i o n s  w i t h  N A S A ,  i t  w a s  d e c i d e d  t o  i n c l u d e  a 

wear r e s i s t a n t  c o a t i n g  i n  t h i s  p r o g r a m  w h i c h  m i g h t  a l s o  s e r v e d a s  

a t h e r m a l  b a r r i e r  d u r i n g  e n g i n e  o p e r a t i o n .  The c o a t i n g  s e l e c t e d  

was a t w o - l a y e r  c o a t i n g  c o n s i s t i n g  o f  4-6 m i l s  o f  UCAR LCO-35 

( C o N i C r A l Y )  and 20-25 m i l s  o f  UCAR LZ-8  ( Z r 0 2 Y 2 0 3 ) ,  a p p l i e d  by 
U n i o n  C a r b i d e  u s i n g  a p lasma s p r a y i n g  p r o c e s s .  Two samples o f  
Gr/Mg were c o a t e d  i n  t h i s  f a s h i o n ,  and b o t h  a p p e a r e d  t o  e x h i b i t  
e x c e l l e n t  a d h e s i o n  be tween t h e  c o a t i n g  and t h e  s u b s t r a t e .  From 

one o f  t h e s e  samples,  t h r e e  wear  t e s t  spec imens were p r e p a r e d  as 

p r e v i o u s l y  d e s c r i b e d .  No t  s u r p r i s i n g l y ,  p o l i s h i n g  o f  t h e s e  

1 

I 
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samp les  t o  t h e  p r o p e r  s u r f a c e  f i n i s h  was e a s i e r  because o f  t h e  

e x t r a  c o a t i n g  t h i c k n e s s .  W i t h  t h e  D-Gun a p p l i e d  m a t e r i a l ,  

b r e a k i n g  t h r o u g h  t h e  c o a t i n g  and e x p o s i n g  t h e  s u b s t r a t e  o c c u r r e d  

i n  s e v e r a l  p l a c e s ,  a l t h o u g h  t h e  wear  t e s t  spec imens appeared  t o  
be  f r e e  o f  such  d e f e c t s .  

O t h e r  app roaches  s t u d i e d  i n  t h i s  t a s k  i n c l u d e d  t h e  i n c o r p o r a -  

t i o n  o f  d i s c o n t i n u o u s  g l a s s  o r  c e r a m i c  ( o x i d e )  f i b e r s  w i t h i n  t h e  
Gr/Mg c a s t i n g  and t h e  i m b e d d i n g  o f  c e r a m i c  t i l e s  i n  t h e  c o m p o s i t e  

as  p a r t  o f  t h e  c o a t i n g  p r o c e s s .  I t  was f o u n d  t h a t  t h e  f i b e r s ,  as 

w e l l  as  a s i l i c o n  c a r b i d e  t i l e ,  c o u l d  be s u c c e s s f u l l y  

i n c o r p o r a t e d  i n ,  and t h e r e b y  bonded t o ,  t h e  Gr/Mg c a s t i n g ,  w h i c h  

i n d i c a t e s  t h a t  t h e  m a t e r i a l s  were  w e t t e d  by  t h e  m o l t e n  magnesium 
a l l o y .  An a t t e m p t  t o  i n c o r p o r a t e  s i l i c o n  n i t r i d e  t i l e s  was 
u n s u c c e s s f u l ,  however ,  because w e t t i n g  d i d  n o t  o c c u r .  None o f  

t h e s e  approaches  was p u r s u e d  t o  t h e  wear t e s t i n g  s t a g e ,  because 

t h e  more f u l l y  d e v e l o p e d  c o a t i n g  p r o c e s s e s  appeared  t o  be 

s a t i s f a c t o r y .  

I 

1 

I 

The wear  t e s t  spec imens were  s u p p l i e d  t o  t h e  John Deere  

R o t a r y  E n g i n e  g r o u p  f o r  t e s t i n g .  The r e s u l t s  o f  t h e s e  t e s t s  a r e  

n o t  y e t  a v a i l a b l e ;  t h e y  w i l l  be i n c l u d e d  i n  t h e  f i n a l  v e r s i o n  o f  

t h i s  r e p o r t .  
I 

4.3.2 Chemica l  C o m p a t i b i l i t y  * 

Samples o f  c a s t  Gr/Mg c o m p o s i t e  were  submerged i n  b a t h s  o f  

d e i o n i z e d  w a t e r ,  50%/50% b y  vo lume e t h y l e n e  g l y c o l  and d e i o n i z e d  

w a t e r ,  and 100% 2 c y c l e  AMS/o i l ;  t e s t s  were c o n d u c t e d  a t  b o t h  

a m b i e n t  t e m p e r a t u r e  and 20O0F and i n  b o t h  s t a t i c  and a g i t a t e d  

b a t h s ,  i n  an a t t e m p t  t o  s i m u l a t e  t h e  e n v i r o n m e n t  i n  v a r i o u s  

p o r t i o n s  o f  an o p e r a t i n g  r o t o r  h o u s i n g .  The c o m p o s i t e  m a t r i x  
a l l o y  used  i n  most  o f  t h e  samples  f o r  t h i s  s t u d y ,  and i n  a l l  
l a t e r  p o r t i o n s  o f  t h i s  p rogram,  was t h e  n e w l y  d e v e l o p e d  and more 
c o r r o s i o n  r e s i s t a n t  AZ91D. T h i s  i s  b a s i c a l l y  t h e  same a l l o y  as  

t h e  p r e v i o u s l y  employed AZ91C, e x c e p t  w i t h  c l o s e r  c o n t r o l s  o v e r  

1 

I 
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i m p u r i t y  c o n t e n t .  I n i t i a l l y ,  a l l  c o m p o s i t e  c o r r o s i o n  samples 

were uncoa ted ,  i n  o r d e r  t o  d e t e r m i n e  t h e  b e h a v i o r  o f  t h e  b a s i c  

m a t e r i a l .  The samp les  were  examined a f t e r  e v e r y  24 h o u r s  o f  b a t h  

e x p o s u r e  t o  d e t e r m i n e  t h e  e x t e n t  o f  d e g r a d a t i o n .  

I 

I t  was f o u n d  t h a t  t h e  a g i t a t e d  s o l u t i o n s  p r o v i d e d  t h e  b e s t  

e v i d e n c e  o f  c o r r o s i v e  a t t a c k  on t h e  samples.  I n  a room tempera -  
t u r e / a g i t a t e d  b a t h  o f  100% d e i o n i z e d  w a t e r ,  t h e  spec imen had 

undergone  a s i g n i f i c a n t  amount o f  a t t a c k  a f t e r  10 days  o f  

exposure .  The spec imen  immersed i n  t h e  50%/50% by  vo lume t e s t  o f  
e t h y l e n e  g l y c o l  and d e i o n i z e d  w a t e r  showed 1 i m i t e d  d e g r a d a t i o n  

a f t e r  10 days  i n  s o l u t i o n .  I n  t h e  samples ,  t h e  a r e a s  where a 
l a c k  o f  f i b e r  i n f i l t r a t i o n  was p r e s e n t  were  t h o s e  t h a t  showed 

some d e g r a d a t i o n .  The 100% 2 c y c l e  AMS/o i l  s o l u t i o n  t e s t  

showed no d e g r a d a t i o n  a f t e r  10 days.  An i n t e r e s t i n g  f a c t  was 

n o t e d  w i t h  t h i s  spec imen:  a f t e r  t h e  t e s t  was c o m p l e t e d ,  i t  

r e t a i n e d  a s u r f a c e  f i l m  o f  o i l  even  a f t e r  t h r e e  a l c o h o l  washes 

and 18OoC t h e r m a l  c y c l e s .  
t h e  100% d e i o n i z e d  w a t e r  b a t h  f o r  10 days  and showed l i m i t e d  

d e g r a d a t i o n .  T h i s  r e s u l t  r a i s e s  t h e  p o s s i b i l i t y  o f  o i l  
i m p r e g n a t i o n  o f  t h e  m a t e r i a l  as a p o s s i b l e  means o f  c o r r o s i o n  
p r o t e c t i o n .  I t  a l s o  s u p p o r t s  t h e  p r e v i o u s  e v i d e n c e  t h a t  

u n i n f i l t r a t e d  f i b e r  a r e a s  a r e  s i t e s  o f  i n c r e a s e d  c o r r o s i o n  

a t t a c k .  Oil would t e n d  t o  f i l l  t h e s e  v o i d  a r e a s  a n d  p r e v e n t  t h e  

c o r r o d i n g  medium f r o m  r e a c h i n g  t h e  m a t e r i a l  s u r f a c e .  O f  c o u r s e ,  

t h e  b e s t  s o l u t i o n  t o  t h e  p r o b l e m  w o u l d  be t o  e l i m i n a t e  t h e  

u n i n f i l t r a t e d  a reas .  W h i l e  t h i s  e f f o r t  r e c e i v e d  m a j o r  a t t e n t i o n  

u n d e r  Task 4, i t  i s  d o u b t f u l  i f  any  c o m p o s i t e  m a t e r i a l  can  be 

p r o d u c e d  w h i c h  i s  i n i t i a l l y  100% v o i d - f r e e .  P o s s i b l y ,  h o t  

i s o s t a t i c  p r e s s i n g  w o u l d  e l i m i n a t e  mos t  o f  t h e  v o i d s ,  b u t  even 
t h i s  a p p r o a c h  m i g h t  n o t  be  e n t i r e l y  s a t i s f a c t o r y  w i t h  c o n t i n u o u s  

f i b e r  r e i n f o r c e m e n t ,  because  o f  t h e  d i f f i c u l t y  o f  c a u s i n g  f i b e r  
movement. 

The same spec imen was t h e n  p l a c e d  i n  
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Because o f  t h e  p o o r  p e r f o r m a n c e  o f  t h e  m a t e r i a l  i n  t h e  room 

t e m p e r a t u r e  d e i o n i z e d  w a t e r  t e s t s ,  e l e v a t e d  t e m p e r a t u r e  ( Z O O O F ) /  

a g i t a t e d  s o l u t i o n  t e s t s  were  c o n d u c t e d  on c o a t e d  samples.  I n -  

i t i a l l y ,  t w o  c o a t i n g s  were  s t u d i e d .  One c o a t i n g  c o n s i s t e d  o f  a r c  
s p r a y e d  magnesium a l l o y ;  t h i s  a p p r o a c h  was i n t e n d e d  t o  c o v e r  any 
exposed f i b e r s ,  so t h e  c o m p o s i t e  wou ld  behave as a s t a n d a r d  un-  
r e i n f o r c e d  a l l o y .  The second c o a t i n g  was " C l e v c o a t " ,  a m a t e r i a l  
d e v e l o p e d  and p r o v i d e d  b y  I m p e r i a l  C l e v i t e  o f  C l e v e l a n d ,  Ohio.  

- The h i g h  t e m p e r a t u r e  t e s t s  r e s u l t e d  i n  s e v e r e  d e g r a d a t i o n  o f  t h e  

samples  f o r  b o t h  c o a t i n g s  s t u d i e d .  The l e a s t  a t t a c k  o c c u r r e d  i n  

t h e  o i l  i m m e r s i o n  t e s t s  and t h e  most  s e v e r e  o c c u r r e d  d u r i n g  t h e  

w a t e r  i m m e r s i o n  t e s t s .  

One f i n a l  c o a t i n g ,  p o l y m e t h y l  m e t h a c r y l a t e ,  was s t u d i e d  f o r  

t h e  h i g h  t e m p e r a t u r e / a g i t a t e d  100% d e i o n i z e d  w a t e r  t e s t  o n l y ,  

s i n c e  t h i s  had p r o v e n  t o  be t h e  mos t  s e v e r e l y  c o r r o s i v e  e n v i r o n -  
ment o f  t h o s e  i n v e s t i g a t e d .  A Gr/Mg sample c o a t e d  w i t h  t h i s  

m a t e r i a l  showed l i m i t e d  d e g r a d a t i o n  a f t e r  10 d a y s '  e x p o s u r e  u n d e r  
t h e s e  c o n d i t i o n s .  I t  i s  b e l i e v e d  t h a t  p o l y m e t h y l  m e t h a c r y l a t e ,  

w h i c h  i s  a p p l i e d  as a s o l u t i o n  i n  an o r g a n i c  s o l v e n t  and d r i e s  t o  

a s e m i - v i s c o u s  s o l i d ,  a c t s  much l i k e  t h e  o i l  i n  t h a t  i t  pene-  

t r a t e s  and c o a t s  a l l  v o i d  a r e a s ,  and does n o t  become b r i t t l e  o r  , 

f l a k e y  a f t e r  d r y i n g .  Thus, w h i l e  s u p e r i o r  c o a t i n g  m a t e r i a l s  
might e x i s t ,  polymethyl methacrylate  was s e l e c t e d  a s  t h e  most 
p r o m i s i n g  c o a t i n g  m a t e r i a l  i d e n t i f i e d  i n  t h i s  p rogram.  , 

4.4 TASK 4: D E V E L O P M E N T  OF COMMERCIAL QUALITY C A S T I N G S  

A l t h o u g h  t h i s  e f f o r t  was i d e n t i f i e d  as  a s e p a r a t e  t a s k ,  i n  
a c t u a l  f a c t  i t  s u p p o r t e d  t h e  work i n  Tasks  1 and 3 as  w e l l .  

S p e c i f i c a l l y ,  i n  o r d e r  f o r  t h e  m e c h a n i c a l  and t h e r m a l  p r o p e r t y  

t e s t s  t o  be v a l i d ,  t h e y  had t o  b e  c o n d u c t e d  on m a t e r i a l  o f  a 

q u a l i t y  w h i c h  was r e p r e s e n t a t i v e  o f  t h a t  t o  be f o u n d  i n  t h e  

u l t i m a t e  r o t o r  h o u s i n g .  The need f o r  m i n i m i z a t i o n  o f  v o i d s ,  

e s p e c i a l l y  s u r f a c e  v o i d s ,  i n  t h e  c o r r o s i o n  t e s t s  has a l r e a d y  been 

men t ioned .  P e r h a p s  t h e  g r e a t e s t  c h a l l e n g e  o f  t h i s  t a s k  was t h e  
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s a t i s f a c t o r y  and r e p e a t a b l e  c a s t i n g  o f  t h e  f l a t  p l a t e s  f r o m  w h i c h  

a l l  t e s t  samples  were  c u t .  T h i s  t u r n e d  o u t  t o  be much more 
d i f f i c u l t  t h a n  had been a n t i c i p a t e d ,  f o r  numerous reasons .  

F i r s t ,  i t  was d e c i d e d  t h a t  a f i b e r  c o n t e n t  o f  40 vo lume p e r c e n t  

w o u l d  be a c h i e v e d  i n  a l l  m a t e r i a l ,  i n  o r d e r  t o  o p t i m i z e  p r o -  

p e r t i e s .  T h i s  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  30 vo lume p e r c e n t  
f i b e r  p r e s e n t  i n  t h e  Phase I i n t e r m e d i a t e  h o u s i n g  c a s t i n g ,  and 

t h e  t i g h t e r  f i b e r  p a c k i n g  makes m e t a l  i n f i l t r a t i o n  more 

d i f f i c u l t .  I n  o r d e r  t o  i m p r o v e  i n f i l t r a t i o n ,  i t  i s  d e s i r a b l e  t o  

r e t a r d  m e t a l  s o l i d i f i c a t i o n ,  t h e r e b y  a l l o w i n g  more t i m e  f o r  

p e n e t r a t i o n  o f  t h e  f i b e r  g roups .  S o l i d i f i c a t i o n  can  u s u a l l y  be 

r e t a r d e d  b y  i n c r e a s i n g  t h e  m o l d  p r e h e a t  t e m p e r a t u r e ,  t h e  m e l t  
p o u r i n g  t e m p e r a t u r e ,  o r  b o t h .  U n f o r t u n a t e l y ,  when i n v e s t m e n t  
c a s t i n g  i s  used  ( a s  i t  was e x c l u s i v e l y  i n  t h i s  p r o g r a m )  w i t h  
magnesium, g r e a t  c a u t i o n  mus t  be e x e r c i s e d ,  because  magnesium can  

r e a c t  v i o l e n t l y  w i t h  t h e  p l a s t e r  o f  t h e  i n v e s t m e n t  mo ld ;  and 

h i g h e r  t e m p e r a t u r e s  p r o m o t e  t h i s  r e a c t i o n .  I f  one i s  f o r t u n a t e ,  

t h e  r e a c t i o n  w i l l  o n l y  p r o d u c e  a roughened  s u r f a c e  on t h e  

c a s t i n g .  I n c r e a s i n g  d e g r e e s  o f  r e a c t i o n ,  however ,  can  cause  

b u r n i n g  m o l t e n  magnesium t o  be r e j e c t e d  upward f r o m  t h e  m o l d  

s p r u e ,  v o l c a n o - l i k e ,  w h i l e  a d d i t i o n a l  s u p e r h e a t e d  magnesium 

b r e a c h e s  t h e  m o l d  w a l l s ,  l i t e r a l l y  m e l t s  t h e  s u p p o r t i n g  s t e e l  
can, and p o u r s  u n c o n t r o l l e d  o n t o  t h e  f l o o r  where  i t  can be 
c o n c l u s i v e l y  p r o v e n  t o  h a v e  a c o r r o s i v e  e f f e c t  on  c o n c r e t e !  

, 

The s o l u t i o n  t o  t h i s  p r o b l e m  l i e s  i n  c a r e f u l l y  c o n t r o l l i n g  

t h e  maximum m o l d  and m e l t  t e m p e r a t u r e s .  I m p r o v e d  m e t a l  f e e d i n g  

t h r o u g h  t h e  f i b e r s  i s  t h e n  a c h i e v e d  o n l y  by  d e c r e a s i n g  t h e  

s p a c i n g  o f  t h e  i n g a t e s ,  w h i c h  c o n n e c t  t h e  v a r i o u s  m e t a l  f e e d i n g  
r u n n e r s  t o  t h e  c a s t i n g  c a v i t y .  I n c r e a s i n g  t h e  s i z e  o f  r u n n e r s  i s  

a l s o  h e l p f u l .  However,  more i n g a t e s  means more r e q u i r e d  mach in -  

i n g  o f  t h e  c a s t i n g ,  and more  chances  f o r  f i b e r  m i s a l i g n m e n t  a t  
t h e s e  p o i n t s  because  o f  t h e  l a c k  o f  r e s t r a i n t .  L a r g e r  r u n n e r s  

mean more m e t a l  mus t  be p o u r e d  f o r  t h e  same s i z e  c a s t i n g ,  and 
more s c r a p  g e n e r a l l y  r e s u l t s .  I t  was f o u n d  t h a t  t h e  most  

d i f f i c u l t  c a s t i n g  t o  p r o d u c e  was a l o n g ,  t h i n  p l a t e ,  such  as t h e  
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1 2  i n .  l o n g  x 0.080 i n .  t h i c k  p l a t e s  c a s t  f o r  t h e  f a t i g u e  

samples.  I t  i s  i n d e e d  i r o n i c  t h a t ,  a f t e r  a l l  t h e  e f f o r t  expended 

on  m a k i n g  and r e m a k i n g  t h e s e  p l a t e s ,  t h e  f a t i g u e  samp les  were  

changed t o  a 6 - i n c h  l e n g t h ,  as  p r e v i o u s l y  d e s c r i b e d .  T h i c k e r  

c a s t i n g s  w e r e  a c t u a l l y  e a s i e r  t o  make, f o r  a g i v e n  l e n g t h  and 

w i d t h ,  t h a n  t h i n n e r  ones, p r o b a b l y  because  t h e  i n c o m i n g  m o l t e n  

m e t a l  d i d  n o t  h a v e  t o  u n d e r g o  such  an a b r u p t  d i r e c t i o n a l  change 
t o  f i l l  t h e  d i s t a n c e s  be tween  t h e  i n g a t e s .  

I n  s p i t e  o f  t h e  d i f f i c u l t i e s ,  t h e  c a s t i n g  p r o b l e m s  were  

e v e n t u a l l y  s o l v e d .  N o t  o n l y  d i d  v i o l e n t  r e a c t i o n s  become r a r e ,  

b u t  t h e  c a s t i n g  s u r f a c e s  e x h i b i t e d  a r e p r o d u c i b l e  and commen- 

d a b l e  125 rms as  c a s t  f i n i s h .  A f t e r  a l l  t h e  r e q u i r e d  0.080 i n .  

t h i c k  t e s t  p l a t e s  were  p r o d u c e d ,  e f f o r t  was d i r e c t e d  a t  i n c r e a s -  

i n g  t h e  c a s t i n g  t h i c k n e s s .  The g o a l  was t o  c a s t  a p l a t e  1.28 i n .  

t h i c k ,  s i n c e  t h i s  w o u l d  exceed t h e  maximum f e e d i n g  t h i c k n e s s  

r e q u i r e d  i n  t h e  r o t o r  h o u s i n g .  T h i s  g o a l  was s u c c e s s f u l l y  

a c h i e v e d ;  a l t h o u g h  t h e  a t t e m p t e d  c a s t i n g  t h i c k n e s s  was i n c r e a s e d  
i n  i n c r e m e n t s  (0 .240,  0.640, 0.960, and f i n a l l y  1.28 i n . ) ,  no 

p r o b l e m s  were e n c o u n t e r e d .  I t  must  be emphasized,  however ,  t h a t  
t h i s  s u c c e s s  was a c h i e v e d  o n l y  a f t e r  t h e  e f f e c t s  o f  t h e  v a r i o u s  

c a s t i n g  p a r a m e t e r s  had been f u l l y  r e s e a r c h e d  and u n d e r s t o o d  d u r -  

i n g  t h e  l e n g t h y  p r o d u c t i o n  o f  t h e  p l a t e s  f o r  t h e  Task 1 t e s t  
s a m p l e s .  . 

One o f  t h e  o r i g i n a l  Task 4 o b j e c t i v e s  had been t h e  d e v e l o p -  

ment  o f  s u i t a b l e  n o n d e s t r u c t i v e  e v a l u a t i o n  ( N D E )  t e c h n i q u e s  f o r  

Gr/Mg c a s t i n g s .  I n d e e d ,  a p p r e c i a b l e  e f f o r t  was s p e n t  i d e n t i f y -  
i n g  and c o n s i d e r i n g  s u i t a b l e  methods,  w h i c h  i n c l u d e d  c o n v e n t i o n a l  

r a d i o g r a p h y ,  u l t r a s o n i c  scan, u l t r a s o n i c  modu lus ,  r e a l - t i m e  

m i c r o f o c u s  r a d i o g r a p h y ,  and c o m p u t e r i z e d  tomography.  U n f o r -  

t u n a t e l y ,  m o s t  o f  t h e s e  methods r e l y  on a c o m p a r i s o n  o f  t h e  

r e s u l t s  w i t h  t h e  r e s u l t s  on a " s t a n d a r d "  sample o f  t h e  m a t e r i a l .  

A s  d i s c u s s e d  above, i t  r e q u i r e d  a g r e a t  d e a l  o f  d e v e l o p m e n t  t i m e ,  

and many d e s t r u c t i v e  t e s t s  p e r f o r m e d  u n d e r  Task 1, b e f o r e  i t  was 

p o s s i b l e  t o  d e f i n e  a s t a n d a r d  f o r  Gr/Mg c a s t i n g s .  Even t h e n ,  t h e  
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p r o b l e m s  o f  i n s p e c t i n g  t h i c k e r  s e c t i o n s  o r  complex  shapes had t o  

a w a i t  t h e  s u c c e s s f u l  c a s t i n g  o f  t h e s e  v a r i a t i o n s  b e f o r e  t h e y  

c o u l d  be addressed .  By t h i s  t i m e  i n  t h e  program,  t h e  more i m p o r -  

t a n t  o b j e c t i v e  was d e t e r m i n e d  t o  be t h e  c a s t i n g  o f  t h e  r o t o r  
h o u s i n g .  I t  i s  s t i l l  p l a n n e d  t o  e v a l u a t e  t h i s  h o u s i n g  non-  

d e s t r u c t i v e l y  by  some b a s i c  t e c h n i q u e s  such  as u l t r a s o n i c  modu lus  

d e t e r m i n a t i o n  and r a d i o g r a p h y .  However,  a more c o m p l e t e  NDE 

t e c h n i q u e  d e v e l o p m e n t  w i l l  have  t o  be c o n d u c t e d  i n  a f u t u r e  

p rogram,  when t h e  m a t e r i a l  d e v e l o p m e n t  c h a l l e n g e s  a r e  n o t  as 

g r e a t .  A d e s c r i p t i o n  o f  any NDE t e s t s  employed on t h e  r o t o r  

h o u s i n g  w i l l  be i n c l u d e d  i n  t h e  f i n a l  v e r s i o n  o f  t h i s  r e p o r t .  

4.5 TASK 5: FABRICATION OF THE R O T A R Y  E N G I N E  R O T O R  H O U S I N G  

The op t imum f i b e r  c o n f i g u r a t i o n  f o r  t h e  r o t o r  h o u s i n g ,  as  
d e f i n e d  b y  t h e  Task 2 r e s u l t s ,  was a b a l a n c e d  0°/+450/900 - l a y u p .  
The f a b r i c a t i o n  a p p r o a c h  employed s t a r t e d  w i t h  i s o l a t i n g  t h e  

v a r i o u s  s t r u c t u r a l  components o f  t h e  h o u s i n g  ( F i g u r e  18 )  i n t o  

r e g i o n s  w i t h  s i m i l a r  c r o s s - s e c t i o n a l  a reas .  The g r a p h i t e  f i b e r s  

were  c o a t e d  w i t h  MCI ' s  p r o p r i e t a r y  w e t t a b l e  c o a t i n g ,  drum wound 

t o  t h e  r e q u i r e d  w i d t h ,  t r e a t e d  w i t h  a f u g i t i v e  b i n d e r ,  c u t  i n t o  

a p p r o p r i a t e  l e n g t h s ,  f l a t t e n e d ,  and s t a c k e d  i n  t h e  p r o p e r  o r i e n -  , 

t a t i o n  f o r  each s t r u c t u r a l  component.  These components were  t h e n  
p r e s s e d  a n d  a s s e m b l e d ,  and  t h e  e n t i r e  f i b e r  g r o u p  was g i v e n  a 

f i n a l  p r e s s i n g  t o  a c h i e v e  t h e  40 vo lume p e r c e n t  p a c k i n g  d e n s i t y .  
Nex t ,  because t h e  b i n d e r  r i g i d i z e d  t h e  f i b e r s ,  t h i s  assemb ly  w a s  
mach ined  i n t o  t h e  f i n a l  r o t o r  h o u s i n g  c o n f i g u r a t i o n .  I n  e f f e c t ,  

a g r a p h i t e / o r g a n i c  c o m p o s i t e  r o t o r  h o u s i n g  was p r o d u c e d  ( F i g u r e  

19). 
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The d e t a i l s  o f  t h e  m e t a l  f e e d i n g  sys tem f o r  c a s t i n g  were 
d e s i g n e d ,  based  on t e c h n o l o g y  d e v e l o p e d  u n d e r  Task 4. These 
d e t a i l s  were  added t o  t h e  f i b e r  p r e f o r m  i n  t h e  f o r m  o f  wax 

s t r i p s ,  w h i c h  i s  s t a n d a r d  i n v e s t m e n t  c a s t i n g  p r a c t i c e .  The 
r e s u l t i n g  waxed p r e f o r m  was i n v e s t e d  ( c o v e r e d  w i t h  p l a s t e r ) ,  and 

t h e  wax and f u g i t i v e  b i n d e r  were removed as p a r t  o f  t h e  mo ld  

b a k i n g  p r o c e s s .  

Two r o t o r  h o u s i n g s  were c a s t .  The o n l y  s t r u c t u r a l  d i f f e r e n c e  

be tween t h e  t w o  was t h a t  t h e  f i r s t  c o n t a i n e d  o n l y  Oo/900 
o r i e n t a t i o n  f i b e r s ,  w h i l e  t h e  second  c o n t a i n e d  t h e  - + 4 5 O  f i b e r s  as  
w e l l .  The r e s u l t s  o f  t h e s e  c a s t i n g s  w i l l  be d i s c u s s e d  i n  t h e  
f i n a l  v e r s i o n  o f  t h i s  r e p o r t .  

I 

i 
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F I G U R E  17. ORIGINALLY P R O P O S E D  P L A C E M E N T  O F  FIBERS 
(DARK LINES) I N  C A S T  Gr/Mg ROTOR HOUSING 
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TABLE 1 

HEASURED.  AVERACE H E C H A N I C A L  P R O P E R T I E S  O F  P S S / A Z 9 1  C r / H g  CASTINGS 

F i b e r  C o n t e n t  T e s t  U 1  t l m a  t e  
S t r e n g t h  

( K S I )  

68.3 

3.9 

6 9 . 4  

( V O l  X )  
oo +tiso - 4 5 O  g o o  

TY P e  D i r e c t i o n  T e m p  
(OF) 

RT 
RT 

750 

00 

9 0 0  

0 0  

Tension 2 1 . 8  

3 . 4  

2 0 . 3  

Compress i o n  RT 

RT 

575 

575 

69.7 

36.7 

53.8 

1 9 . 5  

1 7  .O 

2.5 
* 
* 

0 0  

9 0 0  

00 

900  

00 

00 

i 

~~ 

F l e x u r e  RT 

575 

75.0 

8 9 . 1  

2 4 . 3  

* 
16.8 

5 - G  

10.0 

4.7 

i 

10 -- 30 -- Tension O0 

9 0 0  

00 

900  

KT 

n-r 
7 50 

750 

35.7 

ls.o 

21.8 

17.0 
I 

Compression KT 

RT 

7 50 

7 50 

4 7 . 3  

3 3 . 4  

3 0 . 9  

19.0 

15.7 

Ib . E 

* 
* 

0 0  

90 O 

O0 

goo 

00 

goo 

i F1 exu r e RT 

n r  
4 9 . 8  

2 5 . 1  

1 4 . 6  

3.7 

20 -- 20 -- Tension 3 L  .?  

LO.& 

00  

00 

O0 

O0 

12.6 

9 . 3  

r r  
7 so 
RT 

7 SO 

Compression 43.1 

14.6 

9 . 4  
* I 

F l e x u r e  O0 

O0 
RT 

7 50 

58.1 

3 9 . 6  

10.6 

e *  

Tension O0 

O0 

RT 

7 50 

30 10 -- -- 9.2 

2.3 

15.4 

6.7 

4 . 6  

1.7 

3.9 
* 

I 
Compression O0 

O0 

~ 

RT 

7 SO 
Flexure O0 RT 21.4 4.5 

Tension O0 

O0 
RT 

750 

11 - 4  

2 . 6  

- 4 . 3  

2.4 
I 

Comp r e s  i o n  O0 
O0 

RT 

750 

16.7 

6.0 

5 . 0  

* 
Flexure  O0 RT 2 4 . 3  5 . 2  

I 

NOTES: 1. T e n s i l e  S p e c i f i c a t i o n  - ASTM D 3552-77(A82) 
2 .  Compressive S p e c i f i c a t i o n  - ASTM D 3410-75 
3. F l e x u r e  S p e c i f i c a t i o n  - ASTH D 790-82- 

* Elevated  Temperature P r o p e r t i e s  U n a v a i l a b l e  
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A B L E  2 .  E L E T E D  M E C H A N I C A L  T E S T S  AND T H E I R  J U S T I F I C A T I O N S  a 
D e l e t e d  T e s t s  J u s t  i f i c a  t i o t i  

1 .  40% i n  Oo d i r e c t i o n ,  90' t e s t ,  1 .  P r o p e r t y  t o 3  poi)r t o  

7503F t e n s i l e  m e  a s 11 r e 

2. 40% i n  O3 d i r e c t i o n ,  90" t e s t ,  2. S e e  J u s t i f i c a t i o o  # I  

RT d 750°F f l e x u r e  

3 -  0/90, 3 0 % / 1 0 % ,  0 and  90° 750°F 3 .  MSC i n d i c a t e d  h i g h  

f l e x u r e  t e m p .  f l e x u r e  d a t a  not 

n e e d e d  f o r  d e s i g n  

5. - +453, 3 0 X / I O %  a n d  2 0 % / 2 0 % ,  

all 90' t e s t s  

6 .  - +45O, 3 0 % / 1 0 %  a n d  2 0 % / 2 0 % ,  

750°F f l e x u r e  

- 6 -  

4 .  S h o u l d  b e  e q u i v a l e n t  t o  

0'' p r o p e r t i e s  ( c o n -  

f i r m e d  b y  a f e w  t e s t s )  

5 .  S e e  J u s t i f i c a t i o n  / / 4  

6 -  S e e  J u s t i f i c a t i o n  1/3 

I 

I 

I 



TABLE 3 

THERMAL EXPANSION DATA 
FOR Cr/Mg CASTINGS 

(PSS/AZSlC) 

X F i b e r  i n  
T e s t  Direct ion 

Temp. Range, CTE, 
OF PPM/O F 

Therma 1 
Expans i o n ,  X 

40 RT to 400 1 . 3  
400 t o  750 0.0 
RT to 7 5 0  (av.)  0.6 

0.04 
0.00 
0.04 

30 RT to  400 2 . 5  
400 to 750 0.4 
RT to 7 5 0  (av-)  1.4 

0.08 
0.31 
0.09 

0.15 
0.02 
0 . 1 7  

RT to 400 4.9 
400 to 7 5 0  0 . 5  
RT to 7 5 3  (av.) 2.6 

10 

0 RT to 750 (av.)  14 .4 0.97 

Aluminum 
( C a l c u l a t e d )  

RT to 4 0 3  
RT to 7 5 3  

13  3 . 4 1  
0.88 

S t e e l  
( C a l c u l a t e d )  

RT to 400 
RT to 7 5 0  

7 0.22 
0 . 4 7  

I 

I 

I 

I 
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2 4  

ALUM1MUl.i HOUSING UNDER TEfVERATURE Al lD PRESSURE LOADS 

SIGY 

MAX: 2 9 . 8  
M I N :  - 2 4 . 8  



ALUMINUM HOUSING UNDER TEMPERATURE AND PRESSURE LOADS 

TAUXY 

MAX: 10.6 
M I N :  -11.2 



0/90 P55/MG HOUSING UNDER PRESSURE LOADS ONLY 
SIGX 

MAX: 6.2 
M I N :  - 9 . 3  



I 
0/90 P55/MG HOUS I NG Ut'IDER PRESSURE LOADS ONLY 

SIGY 



0190 PSSIEG tfous IriG W I T H  PRESSURE LOADS o r u  

0 

TAUXY 

MAX: 3.6 
M I N :  -5 .4  

N o t e :  Stresses are in ksi 
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THERMAL EXPANSION COEFFICIENTS OF Oj/90; PSS/MG (V,=O,4) COMPOSITES 
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THERMAL CONDUCTIVITIES OF 0" P55/AZ91C COMPOSITES 
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ALUMINUM HOUSING UFIUER PRESSURE LOAD ONLY 

SIGX 
MAX: 10.3 
M I N :  9.4 

N o t e :  Stresses are in ksi 



ALUM1 NUM HOUS I NG UNDER PRESSURE LOADS ONLY 

SIGY 

9 
MAX: 12.0 
M I N :  -9.2 

Note: Stresses are i n k s i  



ALUI.1INUM HOUSING UNDER PRESSURE LOADS ONLY 

TAUXY 

MAX: 4 . 9  
M I N  : -8.7 

i 



ALUM1 rwi HOUS IrJG UNDER TEMPERATURE AND PRESSURE LOADS 

SIGX 

MAX: 16.0 
M I N :  -7.8 

N o t e :  Stresses are i n  k s i  

0 



I 

W30 P55/MG HOtiSING UNDER TEtlPERATURE AND PRESSURE LOADS 

SIGX 

Note: Stresses are in ksi 



0/90 -P55/MG HOUSING UNDER TEMPERATbRE AND PRESSURE LOADS 

S I G Y  

KAX: 
M I N  : 

N o t e :  Stresses are in ksi 

14.2 
- 6 . 3  



I 

o/W P55/MG HOUSING UNDER TEflPERATURE AND PRESSURE LOADS 

.. , 

TAUXY 

MAX: 3 . 4  
ElIN: -5.8 



0/+45/90 P55/MG HOUSING WITH PRESSURE LOADS ONLY 

S I G X  

4- h 

MAX: 6 . 4  
M I N :  -9.0 

I 

. .  

I 

Note: Stresses are in E s i  



0/+45/90 P55/MG HOUS I FU’G WITH PRESSURE LOADS ONLY 

SIGY 

Note: Stresses are in . k s i  

MAX: 9 . 3  
MIN: -6.2 



0/*45/90 P55/MG HOUSING WITH PRESSURE LOADS ONLY 

TAUXY 

MAX: 4 . 0  
M I N :  -7.7 

N o t e :  Stresses are i n - k s i  



0/+45/53 P55/FSG HOUSING UNDER TEMPERATURE AND PRESSURE LOADS 

! 

I 

SIGX 

MAX: 6.5 
M I N :  -7.0 

0 I 

I 
0 

Note; Stresses are in ksi 



I 

i 

9- 

0/+45/90 P55/MG HOUSING UNDER TEMPERATURE AND PRESSURE LOADS 

S I G Y  

0 
MAX: 1 3 . 3  
M I N :  -7.1 

. 
! - N o t e :  Stresses are in ksi 



0/+45/90 P55/MG HOUS I b J G  UNDER TEMPERATURE AND PRESSURE LOADS 

I 
N o t e :  Stresses are i n  k s i  

MAX: 4 . 3  
M I N :  -7.7 
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